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*IAHR WORKING GROUP ON ICE FORCES

3RD STATE OF THE ART REPORT ON ICE FORCES

'.

PREFACE

The present working group on ice forces was formed in Hamburg at the last

IAHR Symposium on Ice Problems, in August, 1984. It has the following

memhers:

Ian Jordaan (Canada)

Mauri MUitt nen (Finland)

Don Nevel (USA)

Timothy Sanderson (UK) - Chairman

Dev Sodhi (USA)

.ary Timco (Canada)

Ren Tinawi (Canada)

Vitoon Vivatrat (USA)

Egon Wessels (West Germany)

Our principal responsibility has been to prepare a 3rd "State-of-the-Art"

j~eport on Ice Forces. In the following pages this is presented.

We have tried wherever possible to make these review papers rather more

than simply an enumeration and summary of all the papers ever written on

a topic. After all, what is most valuable from each of the specialists

contributing to this report, is a selective view from them of what is

right, what is wrong; what is good, what is poor. As leading

specialists in their individual disciplines they should be best placed to

ccmunicate to the rest of the Ice community what the current State of

:)Iav is In their own field: where the work is leading, which blind

1i levs have been followed on the way, and which avenues took most

fr!itftil for the future. If any of us have, in so doing, given undue

Vr)minence to our own work, I apologise on our behalf.

Thi year's report contains contributions on a wide range of topics.

Sodhi and Tlmco have provided contributions describing Ice-strictire
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interact ion processes, based largel; on the latest advance, in model ice

ta nk experimentation. Th is i Tc ludes a review of interaction wi tli

mult iple-legged st ructures.- A theoret icalI treatment o f ice fai hire

processes is given by Hallam, who assesses thle s t atus of f racturt:-

mechanical descriptions and the ir abil1i ty to e xplai1n the observed

behaviour of ice. In doing this she draws on a range of li terature f rom

the field of rock mechanics, which is important to ice mechanics bu t

perhaps not as well known to us as it -3hould be. Jordan reviews, for

tie first t ime I believe, che statuis of numerical and finite-element

modelling techniques as applied to ice. On the more practical side,

Croasdale and Frederking re-view field techniques for ice force

meaISuLireme nt.- A review of iceberg impact forces is given by Nevel, an'~d a

treatment of iceberg scouring proce--ses by Chari and Barrie. Finally, 1

,mvself have contrihuted a compilaiion of all the ice indentation data-. I

know of, putL ing it onto one single (and rath,-r crowded) pressure-area%

curve. Pressure-a rea Curves have been produced at various stiges dUring

tic as 5-b yeairs, but there now exists a wide range of important data

wtifch is no lunger Iproprietar\', and this is plotted for the first time.

1very much regret tlAt we have been tinihin to include a paper from

han ie lewi cz, 13lanchet and Nletge, describing, the two f ir-,t Hans Is land

research programmes. During these important programmnes, iil I -sca Ie

forces during impact of multi-year floes were directly measured. W,- haid

hoped to include the first public release of these data in this, volume.,

but in -he event we were unable to secure indust ry author i sat-ion for

eairly re lease of the data from the 1981 programme . Noneothe l ess , the

results of the t980 programme are now available publically (1),i.>lewic'.

aind Metet!, 1981 , APOr\ Report No. 180) , and I urge al 11Of VOn Who) :IT-, not

alreaidy :amilLar with it to refer to it. Becaus;e I feel thait Jhe~1t.i

aire So0 i M PoCr tanTt to ou r u n de rs-,tand in oi,0f 1;(11-,-sc IlI intt-r it'loll

p)r oc es ses , M tn 110n th libe rty of 1i ic hti d in g wi i thIi s p)r o ice ,i b r 1 t

-ti mma rv of thie e e rit 1:1 d Ita., f ru m t, 198H 1 a an,; I .i Ti rt-siir,.ln For
NTIS GIRA&t

r')P~imme. DTIC TAB ]~
Uin r inoun e Li F]

By
Di trit-Lt lon/

Avail liod/or
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,AB!F' SUMMARY OF RESULTS FROM THE 1980 HANS ISLAND PROGRAMME

e r o measured using theodolites, and probably

, c , ve r about 50 seconds. The impact process was

,;-, ! ting up to 10 minutes. Error in pressure

Initial Max. Contact I Average
,') Velocitv Force Area Pressure Remarks

1 1 2
-ffective (m/s) (MN) (m2 ) (MP;)

;I - ~ ~11 _ ...

0.39 214 1520 0.14

. .7,-b1 L.6 48 930 0.-:( Mean Force
* [ un IV

i .7x10 0.11 18 400 f.)f Mean Force~~Only =

.7 x 1 .28 8 800 P.l Rotten
first-year

" floe

. iIt thee data should only he used with a full

the circumstances under which they were collected, which

.rrna the full report on the project. The data from the

rnae, which used more sophisticated data-gathering

h c - available after July, 1987.

", ," thiat our report i,- of use to you, and I look

.. .V- . ',ympnsielm on Ice, in 1988.

", c1  
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THE ROLE OF FRACTURE IN

LIMITING ICE ORE

Sheila D. Hallam BP Petroleum Developmnent Ltd. ,England

Production Engineer Britannic House, Moor Lane,

London. EC2Y 9BU

ABSTRACT

The force exerted by moving ice on an offshore Arctic structure is

frequently described by a creep solution such as the reference stress

method (Ponter et Al, 1983). This work is often extrapolated to higher

strain rates and lower temperature regimes where the creep load hearing

capacity of the material is never reached because fracture limits the ice

load bearing capacity. This paper considers the ideally elastic fracture

limits to ire forces and discusses how they may relate to the maximum

N pressures found at the transition from ductile to brittle failure.

The brittle fracture of ice under multi-axial stress conditions is

considered in terms of the nucleation and propagation of cracks. Crack

nucleation was found to dominate tensile failures and crack propagation

to dominate compressive fracture for the grain sizes found in sea Ice.

Indentation fracture mechanisms of crushing, spalling, and radial and

circumferential cracking are examined. Local loads were found to be

dominated by changes in the failure mechanism whereas the global load

depends on circumferential flexural fractures.

Peak loads on structures will occur at the transition from creep to

brittle behaviour. The relationship between this maximum and the brittle

strength are discussed for nucleation and propagation controlled

failures.

%
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The fracture streuic , 5aiecr-,0I, '2)19).

1N 'his h as he et at t r hi!i i,. sa it1 I t-. i iw

Liaw size d I sLr ib. hi, ; 11 10 11 3

mechanisms. So.ae f th s ,c, ,,

non-simultaneois f ti Lure) ire , : , ( >0; ,

Snot he dealt with in deti I hI ere. i? :1 - -

their associated lo ds i r., i , ,,, , t -lit, ! ,, ,,-

effects discussed.

2. FRACTURE UNDER UNIFORM STRESS STATES

2.1 Uaiaxial Tensile Fractuie

Fracture ijo tensi,)i , u; ' 11 -  
' .

"uncracked salple or ice t '. ... ' .-c.-

f rac ture:

0

(-) crack nucleation - L.. f .it, i , , '

(2).crack propagation... .. ,:: L:I I

a crack t) et e(d.

"iTf t, crack proplgit n str-.s t . .. ., . r, the r . i,.

stress the 11 fa ilur is gV'-. V t' .rI-!;,- o ,

failire Is very brittl-. if, ., L,. t, 1md, thicot,.<. t; 1-.1

*rracks , Cc rs h - t e - :. . r , .t .i t Li,.;, tC, ti I t S ... r t e

u nntati r l \ crac<s .il ,.i I I ,p: ,r ti, L i rW t1 dII vt i 1t 1 -,,

f i r rnI 1 10............. I r'. 1 I L t

S.,

I t L. I-

2.1.1 Crack Nu Ileat inu

• ,,a-*" t i,.]~ ~~ ,i,, = t, iw I f1 1~, 1 , Th - , 111,1 b l, ' O 1W 0 11,, u tit... ., ,,
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2.1.2 Crack Propagation From an Existing Flaw

M he pry paiti ), Frim flaws is now well understood (see, for example,

:in t , 1973). .'he re.;ult tor the propagation of a crack of length 2a

•ne Iti t ed pcrpend,111ir to a uniform tensile stress oT is

,. N , (':a) (3)
4t

h-re KIC is Lhe miaterial property called fracture toughness which, for

ice, is approximately 0.1.15 MPa V'm . A more general form of the tensile

I t st res s would be:

Y K , (na) .1 (<.) (4)

Sier, i i Loin of the geome try of the loaded sample and f( ) is a

S,.r ion ot the crack orientat ion. For a material containing a

p ,pulation . of cracks the failure will occur at the weakest link, that is,

the flaw it which the fracture stress O T(Equation 4) is the lowest.

I-, the case where cracks have nulcl leated in the manner described

r evios tv, the length of the cracks is related to the grain size

CS,'uilsoo and others 1984, and open symbols Fig. 2) giving the simple

Lci A!e -r propagation criterion:

4.44 / -d' lPa (5)

)'h p,.)posed tensile crack nucleation and propagation stresses (Equations

.a nild 5) is a function of grain size are presented in Fig. 3.

2.2 Uniaxial Compressive Failure

r I A I +inpres.sive fracture can be considered in a similar way to the

i rlI, f racture rriterion. The necessary conditions for brittle

tt, i n. r i , : keoi sam.ple in compression are:

crack nucleation - similar to the tensile process

crack propagation to failure - the extension of a crack in

III, ixi1:l ( omprets ion is stable vnd thus increasing loads are



required to make a crack extend. A crack must extend until it

reaches free surfaces or until it interacts with other cracks

producing an instability.

Depending on the relative stress levels required to nucleate and extend a

flaw, different types of fracture will occur that are analogous to the

brittle and pseudo-ductile failures observed in tension. When pre-

existing flaws are present, they need only satisfy condition (2).

2.2.1 Crack Nucleation

CompressiA crack nucleation stresses at high strain rates have not been

studied in detail. The onset of crack nucleation is seen as a small

yield point or the stress-strain curve but its position becomes less well

defined at higher strain rates (see for example Mellor and Cole, 1982).

If we follow the critical tensile stress hypothesis of Seng-Kiong and

Shyam Sunder (1985), cracks will form when the lateral tensile strain

induced by the Poisson expansion reaches the critical level defined in

Equation (2). Thus, with Poisson's ratio v = 0.3,

= "-5 3.33 x 10- 6

'nc = nc = 5.7 x 0 +d
NE

N 0.082
or n = 1.39 + MPa (6). nc -

According to this, the stress required to nucleate a crack in compression

is approximately three times that in tension in the brittle regime. It

is reassuring to compare this with the apparent maximum stress to form

the first crack observed in creep tests by Gold and reproduced In Sinha

* (1982). For columnar ice of grain size 4.5 mm the limiting stress to

first cracks at high strain rates is approximately 2 MPa compared with

2.6 .MPi predicted by equation (6). The low value of the initiation

stress may be because of the crystal structure or because of the etlhod

of derifiing gra in size.

2.2.2 Crack Propagation and Linkage

The str,,ss to propagate a crack in compression is substantiallv hi. r

than thit in tension and the cracks will normallv ,e:i.,lpate long bg .

7
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final failure in compression. Fig. 4a shows a summary of the compressive

stress data for strain rates exceeding 1O-2/s plotted against

temperature. The data are highly temperature sensitive although they are

insensitive to strain rate (Fig. 1). Fig. 4b shows the same data

normalised by d 0 "5  This brings the columnar data into very close

C agreement. This poses the following empirical equation for compressive
-i fracture propagation:

(a 0- A6)
0 G- (7)

where a = 0.14 MPa

A - 0.017

0 = Temperature (°C)

d = grain size (m)

".4

The equations for compressive crack nucleation and propagation are

plotted in Fig. 5. In the compressive case it is crack extension rather

than crack nucleation which governs compressive fracture except at

exceptionally large grain sizes and at temperatures close to OC.

-50C 40

-30

t-

*Z 20- -0-

% w
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FIGURE 5 Proposed Coqpressive Brittle Fracture Nucleation and Linkage

k" Conditions at Various Terperatures as a Function of the

Grain Size.
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2.3 Multiaxial Compressive Failure

The fracture criterion can now be extended to the general stress state.

2.3.1 Crack Nucleation

This criterion can be extended to the general multi-axial stress state.

a 3 /E - voa2 /E-va /E (13)

where a,, 02 and a3 are the minimum intermediate and maximum principal

tensile stresses and E is the critical tensile strain (Equation (2)).
n

The crack nucleation surfaces are illustrated for two common stress

states in Fig. 7.

* 2.3.2 Crack Propagation

If a crack is subjected to confining pressure in addition to the

principal compressive stress this severely inhibits crack growth. The

modified version of equation (3) to account for confining pressure is

-o0 / (Tra) (l+L) 3 /2

K = fl-7-(i) 4.33 AL] 0.58 (14)

(I+L)

where 03 is the confining pressure or the least compressive stress and X

s the ratio a3/a1. The corresponding crack interaction equation is

obtained by substituting L = L*. Using the tensile crack propagation

equation 5 and the empirical equations (12) gives:

0.044 x 3.18
I - 1x /d -P(I+)-.25x7

-0.39 _
Swhere P =_*, 3.18 - 0.39 0

d, This is only valid when cracks are 'closed' under compressive normal

loading .nd the stress to propagate a crack is more than the stress to

initiate a crack (L*=0). The ful l solution involving open cracks

involves a nunerical step (Cooksley, 1984) but an approximation to the

12
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i,= . - + +

P s. I solution is to truncate the fracture propagation surface with the

fracture initiition surface:

0.0759

- (I --d (l-A- (I+A))

where initiation refers to the formation of the wing cracks. This

surfa ce in turn is truncated by the tensile propagation controlled

f racture surface:

." -2

" = 0.044/ b'd (17)

Examples of fracture propagation surfaces normalised by d- 0 .5 and

temperatures of 0', -10' and -iO'C are shown in Fig. 8 for plane stress

and axisymmetric loading.

* 2.3.3 Post Failure Strength

After the ice has fractured in compression, the crushed ice can still

carry load. This is perhaps best modelled by a Mohr-Coulomb frictional

solution (Fransson and Sandkvist, 1985). The 1ohr-Coulomb failure

"-.--criterion can be expressed by:

"-'.'- + S
- _ I + sin( 8

S+ S I - sin, (18)

where S = c cot

c and ; are the cohesive strength and the friction angle. Fransson and

*,andkist found that for fine ice the cohesive strength was so small

that, for our purposes, it can be considered negligible and that

= 140. This gives:

S .. = f = 1.6 (19)

x.t .3

It is likely that this value will increase with decreasing temperature.
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3. INDENTATION FRACTURE

Two distinct types of indentation can he identified.

I 2-dimensional indentation - (Fig. 9a) in which indentation occurs

over the full thickness of the ice sheet and the stress is

biaxial.

11 3-dimensional indentation - (Fig. 9b) in which a linited extent

of the thickness is indented. In this case the stress state is

triaxial.

The first type is important in defining the global or total load on a

structure and the second in defining the panel or local load.

a. b.

FIGURE 9 7lassif'ication o.f Indentation

(a) e, 2-Dim2ns6onai Inidentztton

(b) T_ e Ir, 3-Dimnns L)nai 1ndentztL'n.

Iihe failure of ice can also be divided into two broad categories:

A In-plane failure - where the ice once fractured is not cleared

from under the indentor.

Out-of-plane failure - where the ice sheet may deform or rotate

out of the plane of the ice sheet.

In plane failure is likely to be dominant when failure is over areas

small compared with the ice thickness. Out of plane failures can occur

at larger ratios of contact width to ice thickness.
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3.1 In-Plane Crushing Failure

There are many pieces of work dealing with an elastic/plastic

indentation, but, in the case of ice, an increase in velocity will

correspond to an increase in the yield strength. Perhaps the only truly

brittle approach is of the type proposed by Ladanyi (1967). He considers

the expansion of a cylinder and a sphere in an elastic/brittle material
hich can be used to give the solution to the type I and type II

iidentation problem. Fig. 10 illustrates the analysis. The zone

immediately around the indentor is crushed but can carry load because of

its frictional properties (Section 2.3.3). The zone far from the

indentor is intact and behaves as an ideal elastic solid. In the absence

')f radial cracks (Fig. 10b) the extent of the crushed zone depends on the

Lriaxial compressive strength of the material (Ladanyi uses an empirical

fracture criterion developed by Fairhurst, 1964). For materials with a

low ratio of uniaxial compressive to tensile strength radial cracks may

form (Fig. 10a) when the circumferential stress exceeds the tensile

strength. The material between the cracks then crushes in uniaxial

compression.

7N N

I elastic olaistic

FIGURE 10 Cavity Expanson kloiel
(a) ijth Rad~aL Cruck Fonrtion

,'b) without Rad ,zl Cr ck s.

3.1.1 2-dimensional Indentation

The inaximim pressure, P, for expansion of a cylindrical cavity in plane

strain from the work of Ladanyi (1967) is:

17
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3.1.2 3-Dimensional Indentation

T~fe n1X ji7 nii [LI e II t i i1 1)rcssitr e, P, t r i ; ci t, •  is

4ith radial rie.s ( - b b4)

3! (22)

where '='3 (i-tif)

_)+ ) 2 +
-and 2- " + . 1..

P. c

.'ithout rad ii t a L ra. c )

(1t+);
C - -aP a 3 -- 2E-- F - ) (23)

*where 'i is thk same is above

and F -- 9(----) (2)-l-6 l-219(m-l) 2)
9(~i

Fi g. I lb shows the tlheoreticai 3-3 imens ional indentat on pressures us i ;g

the appropriate tens i e and conpress ive un i axial propag'. rtion strengths

The graph shows s[:nilar trends to the 2-dimensional case with the step

chan',e at the formatiun of radial cracks at -9°C. This is .lso very

sensitive to the frictional propertles of the crislied ice .

3.2 Out-of-Plane Indentation Failure

-S.

Certain nodes of failure stich as bending and spalling allow lrge, blocks

to move t tI the plane of inlentition. Thisi his the effect )f roduci'tg

the real iret, of ice contaict and can load t,) non-sinui t inemuis f ii [ire
.%.

(Krv, 1981; Ashby and )thers, li98F ). Tliosi o ,i )f--olatne fai litres toni,

* to occtir it ;liuh D/L (asp ct) r-it Los.

% 3.2.1 Z-Dimensional Indentation

Tim co (1986) 1io te I lire tk d,; for ll ,is '-ti n,1u,1 ;-I, ud t ii

- tests on Il tborito ry 'ol .;m r pi r,. ice ,1 .;rai t i iz z - n-. i s -iu t
.
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so the larger a structure the easier it is to propagate radial cracks.

Radial and Circumferential Cracks

Once radial cracks have formed, the ice between radial cracks can be

analysed as a beam and the stress to cause flexural fracture can be

: .. investigated. Wierzbicki (1985) investigated the failure of a beam

containing a crack of length a loaded by a force acting at one edge of

the ice sheet. He found that the average stress to fracture was:

K fKIC -( 
6

f = a (3Ym-Yp) (26)

where Ym = 1.99 - 2.47(a/t) +.

and Yp = 1.99 - 0.41(a/t) +...

If a <<t t !is reduces to of 0.09/ /a MPa (using KIC = .115 MPa /mef
- and a is measured in metres.

A more general solution is to assume that the stress acts at an

eccentricity e from the centroidal axis yielding a stress

K IC 0.115 (27)
f 6Ym e/t - Yp) 1.99 7a-(6et-

An alternative approach is to assume that there is no pre-existing crack

but, under the applied bending moment, failure occurs by crack nucleation

and that the crack, when initiated, has sufficient energy to propagate

right through the ice sheet. Subtracting the average compressive stress

from the surface bending tensile stress produced by the bending moment

and equating to the crack nucleation condition (Equation 2) gives:
0

0.51 + 0.03/ /d (28)
f (6e/t-)

This approach has the advantage that the presence of pre-existing cracks
does not have to be assumed. We have shown that for the typical grain

sizes in the field, tensile fracture occurs by crack nucleation and not

crack propagation.

A study of the circumferential and radial cracking failure data of Timco

(1986) (Fig. 12) shows that the stress for circumferential cracking is

2L
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As the formation of a spall is controlled by force and not pressure, a

spall can form from a local contact of width D* which may be less than

tile total indentor diameter D. After the formation of a spall, contact

could shift to another point of points leading to a progressive non-

simultaneous failure. If only one failure zone (spall) was formed at any

moment in time, the maximum stress on the indentor (force over the

projected area) would be given by:

0 = Ht 4/5/D (32)

where H is a constant for ice. This does not correlate well with the

data from Timco (1986) shown in Fig. 14. This may be because the

indentor is rectangular and not cylindrical.

0 Di~ =254

0 U jI )0 6~0'0 0 .ru5l, . D = 5

10- c r t=w );=f 15

. ~ ~ ~~000 . t-,', [= "7

0.0 MV

UJU

P" ." o L L,,d,),' 3

U3,'

0 C

1 10 1 -l(

ASPECT RATIO

FIGURE 14 Conpa'ison of SmaZZ Scaie Spallzzg lntation Dtz ,ith

C.ushing Data and Theoretica Spailing Coinditions.

Alternatively, if the Indentor was rectangular and of diameter D, the

radius b of the crushed zone would depend on the volume of the Indent

h- 5D therefore; c a (6D) 5 / 8  (33)

where . is the distance indented.

Identifying the critical length of crack with the ice thicknets implies

thit, for a given D and t, it is a crtt,-il value of - , the indented
r
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distance, which governs spall formation and the associated stress level

is that for crashing. Fig. 14 also shows the crushing data points which

. occur at essentially the same stress levels as those points where

spalling occurred.

V- Obviously, we can conclude that the understanding of spalling failure and

how it may limit ice forces is far from complete, however, the importance

Oof spalling failure on the scale of a structure may not be important as

flexural failures are likely to dominate the load.

3.2.2 3-Dimensional Indentation

In this case, the contribution to load reduction that non-simultaneous

failure can make is negligible. This is because the fractured ice has

great difficulty in clearing from under the indentor. However, in the

field, the thickness of the ice may limit the maximum local indentation

load. This is because radial cracks could reach the surface of the ice

allowing large flakes to spall away. As this process would repeat itself

the high indentation crushing pressures would never be developed across

the entire ice thickness. The types of radial cracks which may form are

summarised below:

Hertzian Cone

This is the classic indentation under a blunt indentor such as a ball in

very brittle materials and is summarised in Lawn and Marshall (1984).

The first stage is the formation of a ring crack under the indentor which

propagates to form a cone shaped crack as Illustrated in Fig. 15a. The

critical load for cone initiation is

F Ar K ~ /E

IC

.'i here F is Young's Modulus, A is a dimensionless constant, KiC is the

fracture toughness and r is the radius of the sphere. This is not

' lependent on the starting flaw size. This has a roused much interest

beca.is, co;nhined with the Hertzlan stress relation (,j - F/r') , it

Implites ,i size effect on critical stress level to Initiate the cone of
.F. I "r.
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FIGURE 15 3-Dinmnsional Indentation Crack Systerm

(a) The Hertzian Cone and

(b) The Median/Radial Crack System.

The growth of the cone crack follows a law of the form

3/2
F = KIC

where c is the crack size and B is a dimensionless constant.

Median and Lateral Cracks
-

Under sharp indentors and in less brittle materials localised zones of

plastic deformation (or crushed zones) occur and a penny shaped crack,

called a median crack may form immediately under the indentor tip

(Fig. 15b). On unloading this may extend up to the surface to form

radial cracks. These are of lesser importance as we are concerned with

maximum loads on loading. The median crack grows according to a similar

law to the Hertzian cone

F = Cc 3 / 2 K

Spall ing

In both the above cases there is a crack growth process where

3/2
F a c (34)
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if we consider these cracks radiating from the indentation to the surface

it seems reasonable that when the cracks have extended to some critical

multiple of the ice thickness a block will break away and thus limit the

load Thus

F Jt 3/2 (35)

where I is a constant. This might reduce the average pressure on an

indentation in the same way as the 2-dimensional spalling leading to an

average stress for spalling of:

= t (36)
s " ID'

whctr , ) is the diameter of the indentation. For large contact areas non-

si-nultaneous fatlire would presumably occur with Fs being the force on a

single contact 7one.

4. FRACTURE SCALING LAWS

The indentation pressure of ice shows pronounced scale-effects. A

substantial amount of the published data is presented in Sanderson (1986)

on axes of log pressure against log contact area and log aspect ratio and

shows how peak pressures vary as the inverse square root of contact area

with some dependence on aspect ratio. The origin of the scale effects is

elusive and many suggestions have been offered:

(M) Statistical effects of flaw distributions

(ii) Geometric scaling of flaws

(iii) Non-simultaneous failure

(iv) Change of fracture mechanisms

The influence of the first three have been discussed in some detail in

Sanderson's paper so here we will concentrate on the last point.

At small scale, the pressure area relationship can be reproduced for ice

of roughly constant thickness but the origin lies in changes of fracture

mechanism induced by increasing the aspect ratio. If a large amount of

data is plotted as in Sanderson (1986) these trends of decreasing

pressure with aspect ratio can be lost due to the superposition of tests

27
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with a wide variety of tee thicknesses from of order I mm to of order

1 m, in which the only upper limit is the crushing strength.

At large scale (and hence large aspect ratios) the radial and

circumferential failure should dorainate the load. The load for

circumferential cracking is independent of ice thickness and probably
independent of structure diameter. If we assume a typical grain size

perpendicular to the lower surface in the field of 50 mm from Equation

(29) the flexural pressure is 2.0 MPa. For very large aspect ratios non-

Sinultaneous failure can occur which reduces the average stress in a
statistical fashion. 2 MPa will now be the stress to fail an individual

zone, which will fail over the entire ice thickness and over a width

related to the spacing of the radial cracks.

5. THE CREFP FRACTURE TRANSITION

*All the results so far have looked for the truly brittle solution, that

is, when strain rates are sufficiently high that plasticity does not

influence the strength. In reality, the stress at the transition from

ductile to brittle behaviour may be higher than the brittLe fracture

stress. This peak is seen in uniaxial compression but not in uniaxial

tension (Fig. I).

In uniaxial tension, failure (depending on grain size) is dependent on

the nucleation of cracks. At the moment of nucleation the cracks are

sharp and ideal linear elastic fracture mechanics is applicable. In

ompression cracks nucleate long before failure which is propagation
,.'

controlled. The creep field will blunt flaws and cause an apparent

- increase in the fracture toughness, until the ice fails by nett section

creep. It seems likely that there is a simple relation between the peak

* stress and the brittle stress. Carter (1972) showed that its compression

peak stress was approximately 1.7 times the brittle strength for a wide

* .range of temperatures.

In other, more complicated, stress states we may postulate that if the

fracture is controlled by crack nucleation (such as inflexive) the stress

- within the creep field has only to exceed the nucleation condition

whereas, when propagation controlled (such as in indentation crushing),

the stress .iny need to be increased by a factor of 1.7 to account for the
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crack blunting process.

If progress can be made in the understanding of the transition from nett

section creep to fracture it will give a simple way to convert a fracture

limit to a peak pressure.

6. CONCLUSIONS AND RECOMMENDATIONS

1. The maximum force that can be exerted on a structure is limited by

fracture.

2. For the large grain sizes present in sea-ice, tensile failure will

be governed by the nucleation of cracks if there are no sharp pre-

existing flaws.

* 3. Compressive Fracture will be limited by crack propagation and

S•linkage except at temperatures close to O°C.

..1',

4. When the failure is dominated by the nucleation of cracks then the

maximum pressure occurs when the critical strain condition is

exceeded within the creep field.

5. When the failure is dominated by the propagation of cracks then the

peak stress will occur at the creep/fracture tra- ;ition and is

likely to be of order 1.7 times the brittle value.

6. Local loads on structures will be dominated by thc local crushing

problem and its interaction with spalling. This requires

subst,.ntial investigation.

7. Global loads on structures will be dominated by circumferential

(flexural) fractures and, for large aspect ratios, non-simultaneous

7ocbbfai lure.
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ICE FORCES ON MULTI-LEGGED STRUCTURES

C. W. Timco National Research Council Canada

Associate Research Officer of Canada

The determination of the forces which an ice sheet can exert on a multi-

legged structure has received very little attention. This, in spite of the

importance of these types of structures as docks and drilling platforms

(both fixed and floating). In this paper, the types and origins of these

forces are reviewed. This is done by assuming a typical platform design

and determining both the total horizontal and vertical forces due to moving

ice. The results of model tests are reviewed to give insight into the

interaction and influence of the multiple legs on the total force on the

structure. Finally, a brief annotated listinq is given of the reported

results of ice interacting with full scale platforms and bridge piers.
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-1.0 Introduction

'Tn', t= r 'i -f tc - with rigid structures is a complex 1-ren>menon in

w'~.:. " nv rt n are involved. Depending on the qeometry and interaction

t combination of failure modes can Occur for thi ice, ind
in vun>; te tod or. the structure. In general, tht> ;ainitud of tre

.C~ e r ..... '' the s~ie and ieometry of the structure, size an , tow try

,§ ref th ,' : ,':-, recha-nical properties of the ice, th: rte :f ':cv,-- ent

tr.- ice :i.d the structure, rigidity of the structure, failure rode

ird, c' n the ice, environmental drivina forces, decree of continuity he-

W tue r) .'c- .nd the structure, and inertial ,ffe--ts in i-nth 1r&- ard

,7 -J t'.i r[. , ~e of this complexity', predictions of the ic-o lads on

' , . :,t - le-shared structure is difficult. For a ulti-leried

structur:, '-r as a drilLin, platform, semi-subrersible, brickie nler, (dock

- c rs farf, i,:,ration on icc loads is scarce. This is in srpite of their

X) r1:)rtae une in the ice-infested waters. For this type of structure

it is rec+sarv to know both the total load on the whole structure, and the

loads zt h n r critude and direction) on each leg of the structure. If

arte ; "e icc -d widely ap.-art, each may be consiuereO as a single isola-

''t ~r I+ and .rfitet ,ccordingly. However, if the legs are close together,

u terfe once ~~ -ffects way occur which would influence both the load on the

,;tructure: -n,! ti'- failure mode of the ice. As such, in trying, to design

the eptii u.r s{f.ciri uf toe legs of a multi-legged structure for strength

lr.c economy, iniori:ation on both the magnitude and direction of the loads,

c- fp ui lr,- des and ,ce piece sizes are required. To date, there has

- ve I LttL reported for this on full scale (prototype) structures.

In thi- re:ie' -)Per, the ice loads on multi-legged structures are re-

viLwed. hs 's done in a rather unconventional way by choosing a nominal

4 :,.It -l td structure design and ice conditions, and calculating various

'e l.A 'n the st ructure. To gain some insiqht into the interferenceLI.stctn ti_ ,te . loads and ice failure conditions, the results of model

'st, w ''jlri->,oei structures are oriefly reviewed. Finally, a brief

it,.r,-i view is (liven from the published literature on the ice loads on

t':11l-'--, sro:tures.

2.0 ;enera] Considerations

I rIt,, icuIte the ice loads on a structure, it is; nec.essary to _rr-

S rK,' for.1;r r ,, rf the ice. ihis is not ,,].,V§ :-'.-P] anel -evi
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failure mechanisms must be considered. When there are tw or more compet-

inq ones, the lowest calculated ice force is usually the correct one since

the ice should tail with this failure mode. To date, there has been very

little information published on the ice loads (either measured or calcula-

ted) tor multi-Legqed platforms. Because of this, the ice loads on this

type of ctructure cannot be predicted with a high degree of confidence.

In general, the ipproach in calculating the loads on a multi-legged struc-

ture has been to treat it as if it were composed of a number of individual

*iles subject-d t- 'ce loading. The loads on each leg are calculated in

turn ISin the '-mulations develope0 in ice engineering for the situation

of a single isolated oile in ice. Then, the total load on the whole struc-

ture is determined by simply summing the loads on each leg assuming some

scenario of spatial 3-nd temporal variation of load on each leg. At the

present rime,, the vaiodocy or correo r-ss of this ap roach is not known.

One major uncertainty in this area is to decide a priori in the treatment

of the probniir whether the legs of the platform car! be treated individually

with surinr,q () the individual ],ads, or whether there is interference

between t-ie, t;hich will affect the failure mode of the ice. There is no

qood field informatlion in this area and so the results of model tests are

used to provide scme guidance.

The ice f,)roes ,, multi-leqged structures nave been investigated using phy-

sical noellinq techniques by several authors. Niany of these studies have

looked at the bacsic physics of the interaction process of an ice sheet in-

teracting wit i a row of two or nore vertical piles. These tests provide

insight nto i;terference effects of the multiple legs. To date, tests of

this typ 1.ave neen performed by Saeki. et al (1978) , Noble and Singh

(1982), -ato and Sodhi (1983), isessels (1983), Timco and Pratte (1985) and

Evers and We-;rels ,1986). These papers contain a great dea of information

on aspect ratio effects, rate effects, ice failure modes, etc. and the

reader is re r red to the for d-tai n. in general, the test results are

in reasorl,:oe tqr--mert with the, foilow tng salient features:

1) The ice ot " two leus ras no interference effects if the spacing

btw, e- 'he, LPcs n ij F Lt , th-n .cix timri s the diameter (D) of one

oft

2) An no 1-.o , . r s tr L,/'P-ck , the horizontal force on each

],(1 i,, t r ir(,ct -n )f iu-, j o v'unn';  i , L U-s than that for an isolated

% \%
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*, Mg.

(3) Over this same range, however, the magnitude of the force on each leg

in the direction perpendicular to the ice movement increases in such a

way that the total force on the leg is the same as that on an isolated

leg.

(4) This mechanism causes the resultant direction of the ice loading on

each single leg to change if the legs are close together. The model

tests indicate that the direction of loading may deviate by as much as

N 12 ° from the direction of motion of the moving ice. Thus, when the

legs are wide apart, the failure of the ice is symmetrical about each

leg; whereas when the legs are close together, the failure tends to

occur on one side. The proximity of the other leg causes the leqs to

be pushed together (see Figure 1). The resultant force on the entire

platform, however, decreases with decreasiri leg spacing, as the
.1

lateral components ot the siigle lea lorces compensate each other.

This was confirmed by model test rcsialts on three- and four-legged

platform (Evers and Wessels, 1986). The following numerical results

were obtained:

The variation in the leg spacing of the four-legged Foiatform during

level ice penetrations showed tne tendency that the increase in the

horizontal leg forces on the entire platform from L/D = 4.0 to L/D =

5. 3 was greater than the incrtease from L/D = 5. 3 to L/D = 7. 3. This

is causecd by the fact that at hiih erc(unih values of L/L, each indivi-

dual Le, acts as a single independent lFo. It can be expected that

the resultant ice torces on the entire ulutforr will reach an asymto-

tic lri it at lea spacinq higher than LiD = 7.3.

"On th -'ther hand, the variation in the Ioo cpacing of the three-

. e'ue2 Iatform showed, is a general trena, a proar,ssive increase in

the resultant ice forces on the entire platforni with increasing leg

spacing. It seems that the limit wriere all sin(le leqs act as an

individual le" is not yet reached at L/U - 7. 3 fcr the three-1nc,ed

plat f(rm.

The parameter st idy on the lee spacing the three-l.qued platform as

we 1 a- cri4 the four -leg'ed platf,)rm led to the cnclu!-inr that i milni-

,€: "a of total ice torce on th.- ,-nt iro pl .t for-m can ho expct ed at

,I n- rtai vlue t le nc ir- . The, valute of critical 1--i !2pcinq ce-

.:: .I t t -> e ,f utrut Ire (three or four leas) as wll as t.)n the,

.? tr ctjr iir irt r Ti f , iiV, I ie, cir e r : re r

i<: '  
i . i;t* r i(%r.I:
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(5) When L/D>6, the failure of the ice is lure crushinc, or crushlnc witt

radial cracks. For L/D<6, tensile cracks develo in the ic- Sucl t t

the ice moving between the legs is broken into smaller pieces (s ve

Fiqure 1). In general, the length of each ice piece is a function of

the leq spacing such that it increases with increasing spacing.

(6) For broken ice moving against the front leas of a multi-legged struc-

ture, there is a definite advantaqe in ice clearinu and total loa(! fur

a structure wnich has a few large diameter and widely spaced ie: as

compared to more numerous thinner leas. }Towever, recent (proprietary)

model tests have indicated that a closer ht'd spacing has an advartacie

in overall clearing under the structure, since the ice is broken into

rmuch smaller pieces.

[1

CRUSHED

CRUSHED ICE

IC E

TENSILE

CRACKS

DIRECTION OF DIRECTION OF
PRINC;PAL PRINCIPAL

LOAD LOAD

. .. - L - - -L

DIRECTION OF DIRECTION OF

ICE MOVEMENT ICE MOVEMENT

D/L *C D/L-

IL

Figure 1: Ice failure modes and direction of principal loads on a multi-
legged structure determined using physical modelling techniques.
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:(7) deI tests on complete plat forus indlcate that the aQni tude of the

Load depends upon the anqle ot the ice movement relative to the plat-

torr. lets. If, for example, the two front leqs of a 4-1eqed platform

simultaneously penetrate into the ice, the back two legs are in an ice

shadow, and will not realize any appreciable load. If, however, the

direction of ice movement is chanqed by 25*, all four legs will have

ice loads on them. In this case, the back legs will experience a

broken ice field and the ice may fail by bending or shearing rather

than crushinq. Conse(luently the peak loads on each individual leg do

not occur simuitaneousiy, and the naximum, ice load on the total struc-

ture is less than the sun of the maximum loads on each leg if treated

in isolat )i. The amount of reduction will depend upon the platform

desiqr, and angle of ice attack. This may be investigated by model

tests in ice. It should he remembered, however, that for breakout

(frozen-in) conditions with complete 100% contact, simultaneous

)ccurrence ot peak loads may occur. This may increase the total

*force on the structure b'y a factor of up to 4 compared to the force

.ur irn level ice penetration.

3.0 The Interaction Scenario

As an Pxample of a riulti-legqed structure, we choose a 6-legged platform

with a rectangular shape with overall cimensions of 30 m x 15 m with four

well conductor pipes in a square array 2 m apart at the centre of the plat-

t )or Thre diameter of the leqs and pipes are 1.0 m and 0. 66 m respectivel-

y. A sketch ot the hypothetical platform is shown in plan view at the

waterline in Figure 2a. Assume further that this platform is to be built

in 10 m of water in a repion with a moving ice cover of maximum thickness

035 cm, averane ice salinity 5 /00 and minimum air temperature of

(_ee Fijure 2 )).

Ir orler to calculate the loads, repre.nntative values of the mechanical
propfrt fs of sea ice are necessary. These properties depend upon many

Stactrs (see ,.q. Scriwarz and Weeks, 1977 or Weeks and Ackley, 1982 for a

r' i -w) <rn o in thit paper typical valuus are slirlv chosen. In the

dieslqn of a structure for a specific site, however, it wnuld be imperative

tr have qcood information on the type and extent of the ice cover at the
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4 PLATFORM

LEGS F P LA TFO0R M DECK ~ j*

E

- -- 2m {B_
A0 0 O ~

I 0~

h

CONDUCTOR

PIPES

2 5m

(a) PLAN VIEW (b) SIDE VIEW

Figure 2: Schematic of the mlti-legged platfoirm used in the interaction
scenar io.

Since this ice is relatively thin, it will be assumed that the ice struc-

ture is granular. For these conditions, the uni-axial compressive strenqth

(cc) varies with loading strain rate (r) according to

a 30 ~.2 1

where a is in MPa and r is in s- (Wang, 1979). At break-up, when the ice

is warmer, a maximum uni-axial compressive strength at high loaciing rates

is of the order of 2 MPa (Schwarz, 1970). Further, for the calculations,

appropriate values for the flexural strength (oF) , effective modulus (E)

and characte:istic length (Z.) are chosen to be aF =0. 5 rPa, h. = 3 GPa

and Z. = 5. 9 mi respect ively.

For this situation, it is possible to use present engineering equations arid

results of strencth ineasurements on sea ice to predict ice loads on the

-racture, as well as to illustrate the gaps in our knowledge of ice loads
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.

Ya on Tulti-legged structures. In calculating the loads on the hypothetical

structure, use can be made of the model test results. For the main legs of
the structure, D/L = 15 so each of the legs can be treated individually,

neulectinq interference effects. For the well conductor pipes, however,

D/L = 3.0, so the interference effects are important. In determining the
total load, the force for ice crushing for both ductile indentation and dy-

na.,:,ic crushing will be calculated for each leg and pipe and then summed to

give the maximum load on the structure. In addition to this, the load nec-

essarv for ice buckling, and the vertical ice loads due to changes in water

level will be determined. In all cases, it will be assumed that there is a

sufficiently large driving force on the ice to cause local failure.

4.0 Design Ice loads on the Structure

4.1 Horizontal Loads Due to Ductile Indentation

Ice sheets in nature are in constant but very slow movement. As the ice

mo ves, forces are exerted on isolated structures. For a platform, there

are several vertical leas and conductor pipes which present conditions for

ductile indentation of the ice cover. The force on one single leg or pipe

can be estimated from the Korzhavin (1971) equation

F = k m I D h cc (2)

where k = contact coefficient, m = shape factor, I = indentation factor,

D = width of an individual leg or pipe, h = ice thickness and 0 c = uni-

axial compressive strength at the loading rate of interest. For this

situation we will assume frozen-in conditions (i.e. 100% contact) so k = 1

and for a round indentor m = 0.9. The indentation factor I incorporates

. the effects due to both the aspect ratio (i.e. structure width to ice

thickness ratio) and ice anisotropy (see Figure 3). For the legs of the

platform D = 1.0 ir and h = 0. 35 m, so D/h = 2.9. From Figure 3, I = 1.2

* assuming rough (i.e. high friction) boundary conditions and granular ice.

For the pipes in the platform, D = 0.66 m and h = 0.35 m so D/h = 1.9.

From Figure 3, I = 1. 4 for the pipes. To estimate the uni-axial strength

of the ice, it is necessary to know the strain rate of the ice. The inden-

tation of a pile in an ice sheet is a complex phenomenon in which the

% strain rate in the ice is high close to the indentor and decreases with

distance from the indentor. It has been found that an appropriate strain

rate for an isolated pile can he estimated by t = v/2D where v is the in-

dentation velocity (Ralston, 1979). lor piles in an array in moving ice,

the apiropriate strain rate is not known. If we assume that r v/2D and
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Figure 3: Indentation coefficient versus aspect ratio for columnar and
granular ice (after Ralston, 1978).

movement rates of 0. 3 m/hr, then, for a pile of 1 m diameter sru 4.2
10 - 5~ S -

, and using Efquation (1) , *'c = 3. 3 MPa. Then, from Equation (2) ,

the force on a single leg is 1. 2 N.4 In a similar way, the load on one-

pipe is calculated to be 1.0 MN. In this latter case, interference effects

may occur such that the pipes may be "pushed together". For the highest

Ioverall load on the plattorn, the indivtdual load components should be

simply summed. For this platform this yields a total load of 11. 2 NiN.

This is the situation representinl completely frozen-in conditions of the

structure, and as such would give the highest peak load for this failure

*mode. Once the ice is in continuous movement, the load on the structure

due to continuous crushini w~tuld be less than this.

4.2 Ice Buckling

Udrsome clcmtn es .sci:a]My tar the case of a wide structure with

a thin ice sheet, thp ic can fail throuqh buckling. This failure mechan-

M '43



Lism thereby can determine the limiting load on a structure. The loads due

to buckling are a function of the width of the structure, characteristic

lenrgth of the ice cover, friction at the ice-struJcture interface, and the

aspect ratio. Plots of the non-dimiensional buckling loads P/(DKZ2 ) are

shown versus D/2. in Figure 4 (Sudhi and Nevel, 1980). For a multi-leggedU structure, there are two possible buckling cenarios; viz. buckling against
KSa single leg and buckling against the whole structure. To eS~imate the

V% buckling load, we first assume ice failure due to buckling on an individual

leg. For this D = I m and Z. = .9 ir (f row S c tion 3) , so that D/Z 0. 17.

For this ratio, assuming high friction coefficient at the ice-pile inter-

-J.

1 N .1

Fiue4 ucln odvessDIfo ie n fitolssbudre
(atrSdiad ee,18)

fasV P/DK 65 (fo-iue4 n oP 2.6M. Ti ! ,niea

hihe thntecuhn-odo h ie s 1cln, sntpoal n
duc 11pidna o ol oentedso. Frtescrds~a oo

Fir,5 htD/ .1 rmFgure 4 tnclin tloK igtad rss Dtfr ixd adfi ties boundarie[4 (aOrNdh n e ,18)

face P/K9J 65(frm Fiure4) nd s P 226 ~T. Tis : m~xdea4 l
hiuhr tan he cusnrigloa on he ile so uckin' isnot ~toahl an



eisLjT.if0 iqt tr rot ior coefficient is P/DKZi 6. T7nus, f Ce 1LOCkllng,

than,,dor h' wnole structure:would beeaPh 62 MN. Tris is also igqher

so ind:-rrtn;t cirumsancs bcklngof the ice snt:' -t S x!' not -OcL'L.

ho er ,tiUKel) ice pieces j am. up underneatn t h f 1 ltKr T, .no

r e c ~i e, tnis may present a situation whE-re bu(:h11n1 uti ri pa!~i

ic.-- sneet s * predominant failure mode, in *tnis &se tnue lcad o)n ttue

platf4oriT wuue the bucklinq load againSt the full si - '

t' r.learly emphasizes the importan~ce of iu'lv4 nt biJrq

To"r 1:-ns Irieration in the designi and ore ,l:. 'ijt.:or[r

wjt:~ Xe: t- tne direction of the moving ice. Ir, t ull ir , - .-oa

moIe11r: ts ' -)-ue very useful.

4. 3 Dynamic Ice Forces

r 1Ft i icet floves can -,,ove with considerable spseedl ,n-j i- "c

vi roniental Or ivinq forces, especially in spr ina aur inq

* In this 05,the velocity of the ice is such thadt the foil

ocusin t1r-e brittle- or transit ion zone. Phe iIJr

nvoi veii ar r ushiino , s palling, ice crackink; and i-t: wed~lrl "' -o

the forces irvol)ved in this process, an equatior -1 T Liar C n 1) 1-

used exceTpt that the contact factor is incluocae irt the- ine at 7c

c ie rt. in(: mtr for the ice force is

F =pI D hn 7 0

where tthe terms are described as in Equation .2) -xce,-c T,~~

nomr!,,,If strc-noth valLae. We chose o = 2.0 MiPa 3s the ' vS_

suted y Schwarz (1970) on warm sea ice. For tu cas- tile rOQ

factor suggested by Afanasev et al. (1973) is frecuentlyr

I = (5 h/L;+ 1) 12for 6 > D/1 I

1 = 4 - 1.55 (D/h) for [,/h 4.

For an indi vidual leg for the platform, D/h - 2. 9, sI 1 r~

on a sirngle leg due to dynamic ice crushing is.- 1. 1 N. I,-, ip~ wy

the load on a single pipe is calculated to be 0. 79 MN. hni I n

0 would probably not occur simultaneously or, al pipc AO r

total load on the st ructure djue to impact could beF -)'ti I 1h 5-

t ion of the id ividual loads with varlclus- SC1,11ai t-

spa ia ditr h)ut ionis of the ice Impacts. -)dr

in format ion i n th is area for a part icu lar ji at- tor r ];i

iiact 1o-arh; ,nd ic74 jamming and pil-e-up -tni' t 'L 1!
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4. 4 Wrtical Forces Due to Changes in Water Level

As water level changes through, for example, tidal action, the ice sheet

adhering to a leg cr pipe can deflect and exert a vertical force on it.

The problem is usually approached using plate theory with the governing

differential equation (Gold, 1984)

4 U ) q - K w 5(5)
Di

where = deflection at a given distance from the structure, q = load

applied for the ice cover, K = sub-grade reaction = Pg, Di = Eh3/12(1-u 2)

= flexural rigidity of ice cover. Usually the treatment of the problem is

in terms of the elastic solution, even though this is applicable only when

the change in water level is rapid. If the water level changes are small

so that no cracks occur, the analytical approach by Kerr (1978) can be used

reliably for this structure geometry. In most cases, however, ice cracking

will occur. For this situation there is no complete analytical model to

predict the uplift forces on a multi-legged structure so it is once again

necessary to treat each leg independently. One approach to the problem of

an isolated pile is to treat the failure of the ice in terms of radial

crackirg and subsequent circumferential failure of the wedges. Based on

the work of Nevel (1972), an approximate estimate of the uplifting forces

on an isolated circular pile of diameter D is given by

2 3P = 1.154 of h2  (1.05 + 2 a + 0.5 a 3 ) (6)

where a = (D/2.) and of is the flexural strength of the ice. For one of

the leas a = 0.08, and the vertical force is 0. 09 MN. The position of the

circumferential crack can be determined from Figure 5 (Christensen and

Tryde, 1984). For the present case, it should occur at a distance of -3 m

from the leg. Although this calculated vertical load would be appropriate

in several situations, in the case of a multi-legged platform there are

*many uncertainties and this approach can only be used as a guide to the

maqnitude of the uplift forces for several reasons. First of all, it rep-

resents the elastic solution to a viscoplastic problem. Secondly, as the

ce breaks in this situation, there can be flooding and refreezing such

that an ice collar can form around each leg or pipe. This causes them to

ha. a much larger Pf fct 1 ve diameter, with resulting higher vertical

%c 's. (For exampl,, aj;surxnui an effective diameter of 2 (3 m) + I m =

-r ' ne ]-,i, the calculated vwrtical force using Equation (6) is 0. 16

S,. ) hirdl!, the deformation and failure of the ice will be influenced by

, proxjmity of th#, other legs and pipes in the platform, to the extent
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Figure 5: Wedge length versus D/21 for ice failure due to uplift (after

Christensen and Tryde, 1984).

that a simple summing of the loads on each individual pile may underpredict

the actual total load on the structure. In those cases where interference

N of the ice deformation due to other structures is of concern, the best

approach may be to use a finite element analysis to determine the failure

mechanism (Eranti and Lee, 1981). This approach, however, is very expen-

sive and still involves many simplifying assumptions. Thus, the magnitude

of the uplift forces on a multi-legged structure cannot be easily predicted

with much certainty and a great deal of work remains to be done in this

* area.

5.0 Prototype Studies

There have been very few reports on the ice loads or ice breaking behaviour

5, •.around multi-legqed structures. Because of this paucity of information and

the coaplexity of the interaction process, it is not possible at this time

to co-ordinate the results to give a consistent picture. The reports which

describe the ductile indentation or dynamic impact include:

9 (1) The study reported by Peyton (1968) and Blenkarn (1970) on the ice

conditions and ice loads on a platform in Cook Inlet, Alaska over a
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number of years. These papers report on measured prototype values and

introduce the concepts and problems associated with the dynamic res-

f ,f the structure.

(2) A study reported by Schwarz (1970) on the ice loads on a marin it-r

in warm ice in the Nrth Sea. In this study ice pressures up to 1 ,Pa

were measured for weak ice.

(3) Jizu and Leira (1981) and Wanq (1983) report on the problems experien-

ced in the Bo-hai Gulf in China by two platforms which were designed

witr:out consideration of ice effects. One platform collapsed wnert.as

the other was unscathed. The paper outlines the forces on the plat-

form and the problems associated with ice jamming both in front and

Inderneath the platform.

(4) Neill (1972) , Montgomery et al. (1980) and Huiskamp (1983) report on

,<. the dynamic response and measured ice forces on bridge piers in large

rivers in central Alberta. Their analysis shows that depending upon
the frequency and damping characteristics of the pier and foundation,

the dynamic response can exceed the static response to the peak ice

force. The peak unit pressure was found to be comparable with the ice

strength in compression.

(5) The excellent review article by Neill (1976) assesses various analyti-

cal approaches, full-scale data and small-scale laboratory tests as

they pertain to the estimate of forces due to impact of moving ice on

- " piles, piers and towers.

- Those reports which describe problems relating to uplift forces include:

(6) Loud (1978) measured the uplift forces on a series of marine piles

which were prone to ice-jackinq caused by the vertical movement of the

. ice sheets. These piles were in freshwater ice.
(7) Wortley (1984), in an engineering manual for the design of small craft

harbours for ice conditions, has reported many examples of severe up-

lift of multi-legged piers due to ice action.

* -. (8) Vershiniv et al. (1983) measured the uplift forces on the cylindrical

supports of an offshore oil well platform due to an ice cover subjec-

O ted to changes in water level. They found that the expeririental

. values were several times higher than that computed accordinu to the

Russian Regulations Code.
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6.0 Summary

In this paper, the ice forces on multi-legged structures have been review-

ed. This was done by assuming a typical platform design and ice conditions

and calculating the ice forces and ice behaviour (failure modes) for this

situation. The results of model tests were reviewed to give insight into

the interference effects between the legs. A listing of studies of ice be-

haviour around full-scale multi-legged structures was given. The review

clearly shows that the present day level of knowledge is very unsatisfac-

tory such that there are many uncertainties in the prediction of the ice

loads on these types of structures. Much more work could be done in this,

especially with regard to the leg interference effects of full platforms,

the vertical loads due to tidal action, and the ice loads and ice jamming

around the structure in broken pack ice.
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FLEXURAL AND BUCKLING FAILURE OF

FLOATING ICE SHEETS AGAINST STRUCTURES

DevLnder S. Sodhi U.S. Army Cold RegLons Research U.S.A.

Recsear-i Engineer and Engineering Laboratory
72 Lyme Road
Hanover, New Hampshire 03755-1290

ABSTRACT This is a review of work on bending and buckling failure of

floating ice sheets, along with the forces generated during ice/structdre

interaction. The focus is on the work published after 1980. Estimation

of ice forces as a result of bending and buckling failure of an ice sheet

can be made with a fair degree of confidence when the ice/structure

jiteraction leads to one of the two modes of failure. The problem of

imultLmodal failure of floating ice sheets needs further study.
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I. INTRODUCTI ON

The2 r,-laL t. if)t i~f )n 4 T . a st ruct ire generates

)rces ,t wichi irc iocr ii11 1%, 11A 1~ For ces . 'or thle desi-Ln of struc-

t 11 res t nlit are ;i -i~ co. t- an v~ ri rn-i;Tit rit ,t he ice forces have to

* ee~ina-i ), ie 'lc nsi; s Vevi r ivw-iitivil l it ianl. ice conditions. The
* ds~g f~r-e ir gner II Iiit-i t te trces re-quired to fail an ice

Sheet. Ttes-- rcs epei~ i p i-i thie st ru-ttire geomnetry (widthi, slope,

etc.) tle !,-e conl it ions, (thL-ns rioe size, strength, etc.) and the

nod 4 re P lre heniac b -klngcrshing, or mixed mode). The

modle fi which in) i-o qheet fai Ls !epe-nds ip-vi m-iny factors, such as the

ice tliL iiness und pr )pert es , lie str ictLire width, relative velocity, and

the sl)pe ov- the srcue

* , n~kr this rvvi--', )n111% en 4m buickling fatilure of float ing

ice slh-eets wi 11 heI disused loung w ith the forces generated during ice/

cir C t!oL "t e r.! c t to)ri. The focus wi I L bNe on thet work published after

*i 4 c- r e er w r was,- ropo r te oIn thle f I rs t st a te -o f -the-a rt

r -- v 0- h ~ r" i.,o ';' Croiip oil TcP Forces oni St ruct tires (Croasdale ,

"J~V- So cii ! I. , 19180) . The beniding failure of ice sheets and

r iJ-- ha1-, been~ port ki 11 covered in the second state-of-the-art review

-ici ~d iWo-A.:, I h4 rankkala and Maattanen, 1984).

2. BENDING OF- FLOATINGICE SHEETS

Icetriitore torerActton problems are characterized by edge loading

of iai 1ce heet , -is opposed to st-itic or moving load on An ice sheet,

where tile 1. aIrd-is goner ally appled vertically in the middle of an ice

f loe .-iwa-v f-rom thie boundary-. Because the problem of static and moving

lo0-ids n -in !,-e sheet deserves a sepa-rate review, t-hat subject is niot

f I- I ,dted here. The problem,- of ice/structure interact ion may be divided

tito too rphases: initial deformation, followed by the failure of the ice

* sheet.

ihtn an Ice sheet Is puished against a vertical or sloping structure,

the tni t ial deE r-n.3t ion I n tlie I*esheet depends upon the Ice behavior:

elastic or inc la-ti c. .4ie-n the r,-K i~vf Ice lor Itt be),tween1 in Ice sheet

and a sruc(ture [3 igh, the 1-ai~ o w:eh- v o,-; an elastic

mate r ial produices q-ood resu its. F,)r low r.l i a LI v-yeloiIty the behavior

of ice is irielas tic- ;n I toie ffillir- o-i ,e't ci interaction is

not rleairly defined. Tmar a ye rv :i!4O rolit v.- c--InclItv, ine rt I-l Forces3
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play an important role in that the failure modes of an ice sheet may

differ significantly from those at low relative velocity.

The estimation of ice forces by elastic analysis is generally accom-

plished by determining the forces required to initiate failure. If the

ice fails in brittle mode, the elasticity method generally provides a

good estimation of ice forces, whereas the plasticity method yields good

results for the ductile failure of ice. In plastic litit analysis, ice

forces are estimated by equating the rate of work done by external forces

to the rate of energy dissipation in the ice, which is assumed to have a

velocity field similar to that for actual failure mode. For the buckling
problem, the forces required to buckle a floating ice sheet :Aay be

obtained by conducting an elastic or viscoelastic analysis, depending on

the rate of ice movement.

-.' For elastic analysis, the differential equation that governs the

transverse displacement of a floating ice sheet during an ice/structure

interaction may be written as:

N h + D w N w= 0 (for i, j 1,2) (I)

iijj +ij ,ij + W

where o and Pw are the ice and water densities respectively, h is the

ice thickness, a is a factor to account for the added mass of water, w is

-. the transverse displacement of the ice sheet, D is the flexural rigidity

*'i of the ice sheet (to be discussed later), Nij is the in-plane stress

components, and g is the gravitational acceleration. In the above equa-

tion, the dots refer to differentiation with respect to time and the com-

n"as refer to differentiation with respect to spatial coordinates (xj,

x2 ). The convention of summing repeated indices is adopted here. Factor

a accounts for the inertial forces of water below the ice; its value is

generally assumed to be between I and 2.

Equation (1) states an equilibrium between different type of vertic-

al forces at a point (x1 ,x2 ) of the floating ice sheet. The first term

accounts for the Inertial forces, the second term the elastic forces, the

third term the in-plane forces, and the fourth term the change in bouy-

ancy forces. Depending upon the situation and problem at hand, the above

equation may be simplified by excluding the first and third terms. For

instance, a simple flexure problem may be analyzed by retaining only the

second and the fourth terms. If in-plane forces are present, the third

term should be retained to account for the contribution of In-plane forc-

_ % es to the equilibrium of the ice sheet. The first term, dealing with
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Inertial forces, is retained only for those ice/structure interaction

problems where the relative velocity is high. Further simplifications

may be offered if the problem can be formulated as a one-dimensional as

opposed to a two-dimensional problem, e.g. a beam on an elastic founda-

tion (Hetenyt, 1946; Nevel, 1983).

For viscoelastic analysis, the above equation may be written to

include inelastic constitutive laws relatifig rates of stresses and

t rains. Due to nonlinearities, the inelastic analyses are conducted in

iLicremental steps, and the solution is iterated to converge at each step.

Even though an ice sheet is transversely anisotropic, it is isotrop-

.' Ic in its horizontal plane, i.e. in the x, - x2 plane. One single factor

that influences the bending deformation of the ice sheet is the charac-

teristic length of floating ice, defined as L = (D/pwg)1 /4 o Because

it has a dimension of length, it is convenient to normalize the spatial

coordinates with respect to the characteristic length.

The flexural rigidity is an integrated quantity defined as

h2  z2 E(z)
D = dz (2)

-hl (1-_ 2 )

where E(z) is the modulus of elasticity at a point that is at vertical

distance z from the neutral surface, v is the Poisson's ratio, and h, and

h2 are the distances of the bottom and top surfaces, respectively, from

the neutral surface. The neutral surface is defined as the surface where

there is zero strain or stress due to bending, and its position from the

top surface (h2 ) can be determined from the following equation:

h?
( zE(z)dz = 0 (3)

h2 -h

If the elastic modulus is assumed to be constant through the ice

thickness, the neutral surface will be located in the middle of the ice

sheet and the characteristic length can be defined as

L = Eh3/12(l-,2)o g/• w

The elastic modulus calculated by the use of the equation is termed the

effective elastic modulus, implying that it is an approximation to inte-

grated values. However, the elastic modulus varies across the thickness

of the Ice sheet because of temperature variation and other factors.
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Kerr and Palmer (1972) derived a set of equations for the bending of

floating ice sheets, in which they assumed a variation of elastic modulus

as a result of temperature variation across the thickness of the ice

sheet. They concluded that the formulations for ice sheet bending are

the same as those for the corresponding homogeneous problems, if a modi-

fied flexural rigidity is used. They also gave some examples of the non-

linear stress distribution across the thickness of the ice sheet.

In a recent review of ice properties, Cox and Weeks (1985) developed

a combined ice temperature-ice salinity model to generate profiles of

mechanical properties for undeformed, snow-free, first-year sea ice in

the Arctic Basin. The predicted profiles give composite plate properties

that are significantly different from bulk properties obtained by assum-

ing homogeneous plates. Figure 1 shows stress distribution across the

thickness due to bending moment at the root of a cantilever beam. Figure

2a shows the location of the neutral surface with respect to the ice

Stress (arbitrary units)
-I0 -5 0 5 IO

Figure I. Comparison

60 - of stress distributions
across the thickness due

to bending ait the root
of a cantilever beamn.
Straight line represents
a linear distribution

so- for homogeneous, elastic
,naterial and the other
line a nonlinear distri-
button as a result of

the variation in elastic
, k modulus (from Cox and
1, ' 00 1 Weeks, 1985).
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I " Figure 2a. Plot of dimensionless ratio h2/h (distance of neutral sur-

,i . face from the top surface/total thickness) versus ice thickness from

, , , Cox and Weeks, 1985).
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Figure 2b. Plot of the ratio o characteristic lengths assuming
conmtant and variable elastic modul versus ice thickness (from
Cox and Weeks, 1985).
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thickness. In Figure 2b, the ratio of characteristic lengths, assuming

constant and variable elastic moduli, is plotted with respect to ice

thickness. In addition, the failure strength profiles give maximum

strengths in the interior of the sheet as contrasted with the usual

assumption of maximum strength at the cold, upper ice surface. Coupled

with the fact that the stress distribution during flexure of the ice

sheet is nonlinear across the thickness, it becomes complicated to pre-

dict the onset of failure. Cox and Weeks also concluded that ice proper-

ties can be taken as a simple function of ice thickness and that the

property profiles do not appear to be sensitive as to when a given thick-

ness of ice started to form.

Some of the fundamental questions on flexure of saline, columnar ice

are being answered through systematic laboratory tests. For example,

Lainey and Tinawi (1981) found the dependence of flexural strength and

elastic modulus on stress rate and temperature by conducting four-point

* bending tests on ice beams. Murat and Degrange (1983) conducted four-

point bending tests to obtain the creep properties of sea ice. Lainey

and Tinawl (1983) and Tinawi and Gagnon (1984) found that because of the

" anisotropy of columnar ice, shear deformation - as opposed to bending --

contributes significantly to the long-term deformation of floating ice

sheets.

3. BENDING FAILURE

Since 1980, most of the work to predict ice forces as a result of

bending failure of ice sheets has been small-scale experimental studies

either to verify existing theoretical results or to support new theoreti-

cal findings. In small-scale (or model) experiments, the dimensions and

properties of ice sheets are reduced by a certain scale factor. These

ice sheets are pushed against sloping model structures while monitoring

the interaction forces. The ice forces during ice action against sloping

structures can be divided into two parts: Ice breaking and ioe clearing.

If the ice is unable to ride up and go around the structure, ice blocks

accumulate in the form of a rubble field upstream of the structure. This

often happens in the case of a wide structure, and the advancing ice

sheet -ay then interact with the rubble field inste.id of the structire.

In model experiments involving bending fqilure, the ice forces are0.
generally normalized with the product of fle xuril t rength and the squ r,

%. of ice thickness. Therefore, it is appropriate to present here a fow
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commenit- )n fiexural strength. Though, it Is Intended to be a mri a-;ire )f

tensile strength, flexural isrn~at at best an index value. Because

of the simp Lici tv of condiict inp cint ilever tests in situ in the labhora-I

tory, fLlexural strength is a tiseful parameter to desc ribe the pr(o:.e!7tes

of ice sheets. It has been -Lound -- both in the fieldi and In the lab!orai-

tory -- that ini the case of seai co anrd doped model Ice, t he f 1,2xi ra "

s t re ngth1' de te r-mine d f:ro r caniit f letve r anrd s I uapl1e he am t e-sts ar tie 11 s, 3mU

(Vaudrec, 1977; Tirnco, 11485). I'n i is no)t the caise when [rce_ hwater ice

is tested by these two methods: streiigths from sinple beamn test are

gYreater than those from cantilever tests (Cow, 1977; Fre,!erkliri; -ind S,7ee,

1985) becauise of the st'ass concect c-t ioni effects, due tio th _ lt t'l

behavior of freshwater Ice, whichl are no, present tor sea .1n-d ;,iodeL ic-e

due to their ductile behavior.

The Flexuiral stren-gths, In upward and dlownward benldinlg arc l os

ertual f'or first-yeir sea '-,e (Vaudrtee, 1977) but di fier cons ilerabie1 for

model Ice . The ratio of these stren-gths is about 2 for a rea-doped modelI

ice; the difference is- attributed to( the growth of i fine-raiino el lor

it the top (d Ilr-yarna, 1983; Tfm co, 19'35; Yamaguchl et al ., 98) It s

therefore -onvent ,nal t) measure tile fLextiral strength (if model iein

upwaird or do)wnward1 benid! ng dohpend1.-,g on how the ice_ breaik i n" ik,- place

i-i a given ice/st roct ire Int erae t ioni

Recent ;tulies by To,:aw:n And Tadltichi ( 9)on freshwater ic-e s pecli-

ieni tadieat- in i tntInternail laniv n effect on the flexural1

strengthi, wh-icen Was fokind to de -case with the Increase In Spec icien -

(exhib)iting scale effect';) and was f:ound to be distributed according t,,

the V etill model within enich ,,,okip of. specimens.

A brief di sciissioni !- pres;ented below for each group f stuidies -e

in ted to) Ice/st r'le tore I t tInWhere bending fatlure of the ice- sheet

was the primary fa-ilure mono.

'a) !)inot lement M!e hid

esd s theoretl-i ; * ijdiest d k en cd c td in conjurt-i or, wl T h ;ir- I t

s;ca lo expe ri mlenital ,t7 e ~ Q'- :r-tt e Iemenit method( "t"11 Ao a;low

t -ol 1t ) stu1!dy Ic-e!2 s t ricti ro I n t ,r'r i ct n. Yoshi:nlrl Ii iiAKant -, ot) ( k q 8)

pres;ented .-v ou t I Ine of Oit dI ( lroto, ,lmll melthod iand -i t i ted th~at -I

good i.~lreeme Fir waIS obt ii ned ht-iwool~i theo re!ti tal id t-p-er i ,Ilt ii r', siti t -

f )r Ihe -as(e o Faf, e/she(,e -ic I i ef -ri -tion -), -71 1,1 r~ Icsm- i been

cin 2 hy H ck nc p, 1 l9P )'- h W1  
tId Ii I tA l t l i 1e
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sheets and ridges with artificial islands and conical structures, respec-

- - tively. Because this analytical tool has much to offer, we will perhaps

see more results in the future as more researchers use it to analyze ice/

0'- structure interaction.

(b) Sloping Structures

Haynes et al. (1983) conducted small-scale experiments by pushing

model ice sheets against narrow structures with various slope Angles from

the horizontal. A relationship between the non-dimensional force and the

slope angle was found, as shown in Figure 3. The constant of proportion-

ality agrees with the theoretical results of the two-dimensional analysis

of Croasdale (1980). During those tests, the speed of the ice was in-

creased steadily from 0 to 10 cm/s. Although the speed did not have any

effect on the ice forces caused by the bending failure of the ice sheet,

it had the dramatic effect of changing the failure mode from bending to

* 40 r

4 0

30-

F

20 -

100 0 04

%
,45°  600 75' 9Q0

Figure 3. Pot of normalized ice force (F/hfh 2 )
on a narrow, inclined structure versus slope angle

Solid line is the begat-fit curve through the
experimental data (dots), and its equation is
F /,7f, 2  = 1.78 tan( .) , where F is the peak ie

* force, f is the flexural strength, h is the ice

thickness and t, the friction angle between I,-e and
structure (from laynes et al., 1983).
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shea or rushng.The speed at which the transition tn faiLlure mode

took plaice was Found to increase with the Increase in the slope angle

Wheni the ice speed i-s Low, the vertical forces generated during Inter-

action are primarily caused by the weight andl the elastic forces from a

port ion of t hIe ice sheet near tIhe contact area. As the ice speed in-

crease,, the kinematics of the interaction requires high acceleration of

the Ice sheet and water In the vertical direction during lifting, causing

:i, reased inertilal Corces to develop at the contact area. When the forc-

oo retquired to lift the Ice sheet e xceed the force required Lo cause the

ice sheet fa ilurea in s;lear or in crushing, a transition in the fai lure

* noe Lacs'lace. Such tranisit ions in faiilure mode have also been

~h~cvedby ,thers (Lipsett and Gerard, 1980; Schwarz, 1985).

Ani e ~iutve study of ice Iiteractio)n with sloping structures of

Jlft_,2rcnt w'-swas conducted by Timco (1984) and Frederking and Timco

(L9~). Tey proposed that the total ice force can be divided into forc-

CsreitedFr rekigthe ice sheet, rotating the broken ice blocks,

in , si1d Iini ice hio&:ks oni the structure. They obtained good agreement

cet-,eem the theoretical and experimental results For the individual force

or 0ne n t, hut the thieoret ical total force was higher than the total

N aird force. The discrepancy was attributed to the fart that the

Lrieorvt tcal force was calculated by summIng the peak values of each force

component, when in fact it is not possible for all peak forces to occur

IC Con ci - 1 St rutctu11re s

Aayexperilmenital studies were conducted to investigate the depend-

erick- o~f ice forces when a conical structtore [nteracts with an Ice sheet

nd -i miiLuiyear pressure ridge. Theoretical results for the above inter-

* vt on were_ gitven by RAls;ton (1977, 1979), Abdelnolir (1981), and 14-ng

Sodil 2t il. (1985) conducted tests with a 450 upward-breaking Coni-

liis'rm~tmretha't had dfametvrs of 1.5 mi at the waterline and 0.33 m at

* p.Th-e ttSwere, conduicted a, differenit speeds an at two coef fi-
IFt e r i t Lon . They fouind ago gemn eteneprmna n

tier.i (Ralston, 1977) results for dIfferentc coefficienits of Cric-

.. k.' i ~md nio , ipre 1)ie eff ert o f veloci t y on the ice f orces. Onl the

'i a ;uorLral an ssof the force signal, they found m tat the siz~e

)I i l hun ii fi[1ur- Is ahbout one-third of thet chairact -,rfqtb'

0
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Hirayama and Obara (1986) conducted a systematic series of tests

with conical structures of different slopes and sizes using freshwater

and urea-doped ice. Their results agreed with the experimental results

of others and with the theoretical results of Ralston (1977).

Field and model studies were conducted by researchers in Finland

(.MAtt~inen and Mustamake, 1985; Hoikkanen, 1985) to observe ice failure

modes against a conical stracture and to measure the ice forces. The

model study was launched to duplicate the ice/structure interaction

observed in the field. The ice forces in the field were measured by

instrumenting a 10-m-diameter, 550-slope-angle, conical structure at Kemi

I lighthouse, located in the northern part of Gulf of Bothnia. The fail-

ure modes observed in the field were bending at low relative velocity and

shearing/crushing at high relative velocity. Ice blocks accumulated

upstream of the structure. In most model tests, this type of failure has

not been observed unless the tests were conducted at high speeds

(Schwarz, 1985). As Ralston (1977) developed his formulation based on

observations made in model tests, its applicability may be limited to

smaller conical structures where the broken ice sheet is able to clear

the structure.

Abdelnour (1981) presented the results of both theoretical and

experimental studies for the ice forces generated during interaction of

multiyear ridges with a conical structure. Ralston (1977) had pointed

ouit that a ridge of finite length may induce a higher ice force on a

conical structure than an infinitely long ridge. Abdelnour (1981) pre-

sented expressions for the Ice forces when a multiyear ridge of finite

length develops "center" and "hinge" crPcks. The expressions for ice

forces were derived assuming elastic behavior of the ridge. Wang (1984)

presented a formulation for the above problem using plastic limit analy-

0 sis. He assumed different velocity fields for different lengths of

ridges, in which both bending and twisting of the ridge were possible.

While comparing theorecical results from elastl.'ity and plasticity

Po" methods with those from tests with wax ,o-del tce (Abdelnour, 1981) and

with natural saline ice (Verity, 1975), Wang fonrid that the elasticity

method underestimates the experimental results whereas the plasticityV method overestimates them. The reason was attributed to the difference

in failure criteria used in the two rmethods. In thp elasticity method,0.
the ridge material is assumed to be brittle-elastic, whereas for the

plasticity method the ice behavior is assurmed to be elastic-plastic. In
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the f tst :ise, there is assumed to he no residual strength left after

"-e fi Irt,r, whereas full strength Is assu mei to be present while failure

d r')r e es In the plast Icity method. The actual s ituatIon is in between

% tile t44) 15 5;Irapt ionls.

4 B'CK1 ,G OF FLOATING iCE SHEETS

A review of theoreti'al analyses was presented by Sodhi and Nevel

.1980) In which only elastic buckling analyses of floating ice sheets

were dicutssed. In elastic stability analysis, a floating ice sheet is

.ssumed to he a heam or a plate resting on an elastic foundation - an

ssumptl[on that is valid as long as the top surface of an ice sheet does

not submaerge below the water or the bottom surface does not emerge out of

the water. For deter-ining buckling loads, these assumptions are ade-

qiate because the deflections of an ice sheet are assumed to be small.

The objective of a linear elastic stability analysis is to determine the

bifurcation load when an ice sheet is pushed against a vertical struc-

• tire.

Kerr (1980) showed that the buckling loads are lower for lar-e de-

flectlons of an ice sheet than linear elastic buckling loads. While it

is realized that the buckling loads are sensitive to Imperfections both

in terms of thickness variations and eccentricity of in-plane load, no

.tudy has been conducted to determine quantitatively the effects of such

Imperfections on the buckling loads.

The major contributions in this area of research since 1980 consist

mainly of a few experimental studies and theoretical analyses. The

experimental studies were conducted to confirm the results of earlier

theoretical studies and to verify the results of dynamic and elasticK!' bckling analyses of wedge-shaped floating ice sheets. Both elastic and

O dynamic buckling analyses cover the range of relative speeds of ice, wtth

respect to structures, that can be characterized as high speeds where the

" behavior of te can be assumed to be elastic. For very high speeds, the

Inertia of the ice sheet plays an important role in its deformation of

! ,'e sheets such that a higher order mode is induced, leading to a higher

h, ,klin load than the linear elastic buckling load. However, when the

* rel at iye ;peed between Ice and structure is very low, the ice behavior Is

iuei i, and f-3 best described by nonlinear creep equations. In such

" ases, i fl,')at og ice sheet can buckle under much lower loads than for

I tine;Ir .. lasti, bhckl li'. The amplitude of a buckled ice sheet grows

I.,.
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gradually with time. Although analysis of creep buckling of floating ice

sheets is an important contribution, no systematic study has been con-

ducted to determine buckling loads as a function of relative velocity and

the parameters characterizing ice properties in the creep regime.

A brief discussion is presented below of the studies not iocluded

in the earlier review by Sodhi and Nevel (1980).

(a) Experimental Studies

Michel and Blanchet (1983) did indentation tests with colunnar ice

sheets and found that the ice sheet buckled when the aspect r-itio (d/h)

was high. During their tests, they had observed that two or more radial

cracks would emanate from the edge of their flat indentor and that ice

sheets would buckle forming a circumferential crack. The buckling loads

from their tests agreed with the theoretical results of earlier studies

(Sodhi and Hamza, 1977; Kerr, 1978).

Sodhi et al. (1983) conducted an experimental study to verify the

results of theoretical analyses for a wide range of structure-width-to-

charactertstic-length ratios. In Figure 4, the results of the experi-

L.1
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Figure 4. Comparison of experimental and theo-
retical buckling loads. Heavy lines: theoreti-

cal results (Sodhi, 1979); circles: experimen-
tal results (Sodhi et al., 1983).
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mental study is presented in non-dimensional form. Most of the experi-

mental data points lie between the theoretical values of normalized buck-

ling loads for frictionless and hinged boundary conditions, which repre-

sented the extreme situations for ice/structure contact during the ex-

periments. In those experiments, a frictionless boundary condition could

be considered as one for which no frictional resistance was developed

between the ice edge and the structure when the ice edge moved or

deflected in the vertical direction. A hinged boundary condition would

have required complete restraint of the ice sheet against vertical de-

flection at the line of contact with the structure. For both boundary

conditions, the ice sheet was free to rotate at the edge as there was no

restraining moment. Because there was no control over the boundary con-

ditions during the experiments, the agreement between the experimental

and theoretical buckling loads is considered to be good for a wide range

'V of structure-width-to-characteristic-length ratios. However, there was

considerable scatter in the data for the experiments in which the rela-

tive velocity between ice and structure was increased from 0 to 10 cm/s.

In a later study, Sodhi (1983) showed both theoretically and experiment-

ally that the dynamic buckling load of a floating ice sheet increases

with the increase in relative velocity.

In subsequent experimental studies by Sodhi and Adley (1984) on

.1 wedge-shaped ice sheets, a 3-mm-thick rubber pad was glued to the struc-

Lure face to induce a hinged boundary condition at the ice/structure
interface. The ice edge was carefully prepared parallel to a 1.83-m-wide

structure to ensure uniform contact along the whole width. The rubber

pad prevented the ice edge from moving up or down, and the ice sheet was

free to rotate about the line of contact. The tests were conducted at a

constant relative velocity of I cm/s. The results of that study are

shown in Figure 5 along with the results of theoretical analysis for a

particalar ratio of structure width to characteristic length. The over-

all agreement between theoretical and experimental results is good. The

discrepency between the two results may be attributed to the varying

values of structure-width-to-characteristic-length (B/L) ratios in the

experiments.

Using the results of Sodhi (1979), plots of nondimensional buckling

loads versus wedge angle a are given in Figure 6 for different boundary

conditions at the ice/structure interface and for difficult ratios of

structure width to characteristic length (B/L).
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Figure 5. Plot of non-dimensional buckling load versus wedge-
angle a. The solid and dashed lines represent theoretical
results for a ratio of structure width to characteristic
length equal to 4.3. See Figure 4 for explanation of symbols
(from Sodhi and Adley, 1984).
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Figure 6. Plot of non-dimensional buckling load (P/BKL2)
e. versus included angle (a) for different boundary conditions
-at the ice/structure interface and for different ratios of

structure width to characteristic length (B/L). See Figure
4 for explanation of symbols (from Sodhi and Adley, 1984).
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Ne h't is pushed against two or wore vertical cyliadrical

' I,-: I-, !,e:s be individual zones of buckling around each struc-

-1 r .i l-d 'one of buckled ice sheet across two or iaore strac-

, .. jhi (L934) conducted experiments by pu.hrfng a pair of

nc!--ii ! .t . ,Lal ;tructures through model urea ice. They found .i

t e.-. -e,,.e-i *i 'tweei theoretical and experimental results when there

*S I , : ,nc of buckling around each structure. Iowever, the data

r ;p' 'jt. , nod( of buckling across two structures placod near each

,ts tnt, :below the theoretical values. When the width of

tho , i SheeL WAS taken to be equal to the distance between

tn. Lructure diameter, a good agreement was fumnd between

.J ind experimental results.

b) Crvp Bicklini of Floating Ice Sheets

. ;i , j (1984) presented a viscoelastic buckling analysis of beams

d l.,t- rosking on an elastic foundation. He used the nonlinear creep

S:, w ". law t'., rol.te states of stress to strain rate, and the finite

,loteit motbod to Integrate the equations with respect to time.

SjOlind (1984, 1985) presented results of a few numerical examples

-o beor and plate buckling. The parameters chosen for the plate on

*lastfc foundations were ,;omewhat similar to those for a floating ice

sneet. in the example, the ice sheet has a far-field velocity of 3.75

,nm/s and athicKness of 0.2 m, interacting with a 4-m-diameter structure.

Althozh t:he velocity considered in this example is mich less than that

In any o,*.-p,!rimental study, the load between the ice sheet and the struc-

;ore Jleveloped to a maximum value and remained almost constant with a

sligt decreasing trend with respect to maximum deflection. The nondi-

men :ionol h,ling load was almost close to the one from elastic buckling

inav;Is for the sa:me structure-width-to-characteristic-lengti ratio and

f)r the same boondary condition (fixed, in this case). This suggests

at ,,u tle far-field velocity is high, the resulting buckling loads

re -,bout tho same value as the elastic buckling load.

, * j?'lnd showed that creep buckling of beams on elastic foundations

('al trpe place -t Load:; less than those for elastic buckling. Though it

,a,; not ,hown expli-Itly, it is expected that buckling of the ice ;heet

,.ilL ,i1s.u take place at in-plane loads lower than the elastic buckling

i 9d . suc hises, the deformation of the ice sheet occurs over a long

I-time. Examples of creep buckling of the ice sheet may be found in nature
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Figure 7. Photograph of a buckled ice sheet near the
North Pole (39'N, 70'W) in March/April 1984 (courtesy
Nordl-nd, 1985).

when there is steady pressure on ice sheet that is prevented by an island

from drifting Figure 7 shows a photograph of a buckled floating ice

sheet (Nordliind, 1985) that was taken near the North Pole (89*N, 70 W) in

March/April [984, during the Finnish expedition to the North Pole on skis

(Nordland et a!., 1985). The buckled ice sheet had an amplitude from

trough to crest of approximately 1.6 m (5 ft). The following description

was provided to the author by Nordlund: "The ice was very plastic at an

air temperature of approximately -40*C. There were no cracks in the ice

and there was no water on the ice." This description suggests that the

ice -;heet may have undergon-e creep deformation. Though ice thickness was

not measured, it was thi'k enough to support four persons with their

sledges. That a floating ice sheet can buckle to such high amplitude

withoit cracking is noteworthy. An important point to note is that,

* should the far-field stress increase suddenly, such a buckled ice sheet

may fail easily in continued bending or buckling, possibly starting to

build a riige.

5. SUMMARY

"lost of the work reiated to ice forces due to the bending and buck-

ling fatizr.- of the ice sheet has been small-scale experimental studies

to verify exicting theoretical results. A few theoretical studies and

one or two field studies were conducted.

In bon1ing failure, most of the work has been done on the determina-

tion of Ice forces, from sheet ice and ridges against conical structures.

69

Ir .

N -P 40. e e% % %



Bending failure against sloping structures has been studied both theo-

retically and experimentally. When the ice velocity is high, the failure

mode during the interaction of an ice sheet with a sloping structure is

crushing or shear and not bending as might have been expected. Thera is

a need to study this problem because a change in failure mode can induce

forces that 'nay exceed the intended design forces for bending failure.

In buckling failure, the results of an experimental study were

reported in which overall agreement was found between buckling loads from

experiments and linear buckling analysis. Later, more experimental and

theoretical studies were conducted to determine dynamic buckling loads of

floating ice sheets and buckling loads of wedge-shaped floating ice

sheets. An important contribution was made to prelict the creep buckling

load. This is important becausE iz:'e can defor7 'cinsiderably by creep

under low levels of in-plane load, as observed near the North Pole.

Should the in-plane force increase, it c-in easily lead to failure of de-

formed ice sheets resulting perhaps in the start of a ridge formation.

Estimation of ice forces ..s a result of bending and buckling failure

of an ice sheet can be made with a fair degree of confidence when the

ice/structure interaction leads to one of the two modes of failure. How-

ever, aore work is needed to prcdict the forces due to multimodal ice

failure.
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A PRESSURE-AREA CURVE FOR ICE

T.J.O. Sanderson 39 Perrolei Development L. U

Petroleum Engineer London

ABSTRACT

A wide range of published data on ice forces is presented, and peak

* indentation pressure is plotted as a function of (a) contact area and (b)

aspect ratio. Peak pressures appear to vary inver-sely withl square root

of contact area and show some possible dependence on aspeeL ratio. It is

dif ficult to account for this by arguments con~cernling flaws, but an

explanation based on non-simultaneous failure appears promising.
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1. INTRODUCTION

It is well known that as ice interacts with structures it displays a

pronounced scale-effect (Kry, 1979a; lyer, 1983; Vivatrat and Slomski,

1983; Sanderson, 1984). 1hat is: peak pressures measured over small

areas such as we test in tue laboratory ( 0.01 mZ) are higher than peak

pressures over large areas such as we encounter on full-scale structures

(1l00 m-%. The first plot of pressure as a function of contact area was

made by Danielewicz and 'ete (1981).

Here I review a large range of published data for indentation of ice and

plot it in raw form as a function of

(a) contact area

(b) aspect ratio

Both area and aspect ratio have in the literature been referred to as

being responsible for a "scale-effect". They are however quite different

effects, and although they may both be influential they must be

distinguished.

2. INDENTATION GEOMETRY

The data plotted are for edge indentation. The tests carried out may be

divided into two indentation geometries:

I. 2-dimensional indentation (Figure Ia), in which indentation occurs

over the full thickness of an ice sample, and the stress state is

biaxial.

II. 3-dimensional indentation (Figure 1b), in which a limited ext nt of

the thickness is inlented. In this case the stress state is

triaxial.

Miost tests are of type 1. However, data frun icc-breaiers and impict

hammer experiments generally fall into type IT.

'p,
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a. D.

AA

Figu e 1 o identaition geometries:

(a} Type T, 2-dimens ona! elhe ezztt, - ,,

stress state.

D,,') Type IT, 3-dimer!._ .. i edge indentation, t,' t'

stress state.

a,.

3. DATA: I - FULL THICKNESS INDENTATION

We begin with data from tests of type I, full edge indentation. The

pressure-area curve for these data is shown in Figure 2. This plot shows

peak pressure c (total force P divided by contact area Dt) as a function

of contact area. The data set covers a wide variety of ice types (S-2

ice, first year sea ice and multi-year ice) and a wide variety of test

conditions (laboratory edge indentation, in situ jacking tes ts and

Interaction with lighthouses, offshore drilling structure and islands).

.one of the data are corrected in any way for temperature or salinity.

-- Despite such indiscriminate plotting of disparate data types there is a

iseful general trend, as highlighted by the shaded areas in Figure 3.

The data points fall naturally into 4 principal clusters, and come from

".t following data sources:

Laboratory tests

-Ie;e are sma I -scale laboratory indentation tests performned on

n'i hubble-free S-2. The data come from Uiirayama iid ,,thrs

' 7 , rderking and Gold (1975), Zabilansky and ,itK (1975),

K , I d Toussaint (1977), Kry (1979b), \: i chcl wd 1 I,,clwt
,ii Timco (1986). They cover a ra nge of aspect rat ic (I) /t

Noto that data from Kry (1979a) arc not inludc-d ii
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Figure 2, since they were performed with ice adfrozen to the

P._ indentcr. They are, however, plotted in Figure 3.

- B. Medium-scale tests

These include, various in situ jacking tests performed on floating

first year sea-ice, such as the "Nutcracker" tests (Croasdale, 1970,

1971), the Exxon large-scale strength tests (Lecourt and Benze,

1980, 1981) and Inoue and Koma (1985); tests on floating freshwater

lake ice (Croasdale, 1971; Taylor, 1973; Miller and others,

1974; Nakajima and others, 1981); measurements on river bridge

piers (Lipsett and Gerard, 1980); and sea ice data from lighthouses

(M94ttnen 1981; Engelbrektson, 1983) and Cook Inlet structures

(klevkarn, 1970).

C. Full-scale islands

This data group comes from Beaufort Sea artificial islands

surrounded by floating first-year ice (Metge, 1976; Strilchuk,

1977; Johnson and others, 1985) and from the first (1980) Hans

Island programme (Danielewicz and Metge, 1981). Data from the

second and third Hans Island programmes (Danielewicz and Metge,

1982; Danielewicz and Cornett, 1984) are at present still

proprietary but may of course be added to the plot as they become

available.

). Meso-scale models

0 In the course of modelling the large-scale dynamics of the Arctic

Ocean and its ice cover it is necessary to make assumptions about

the gross "compressive strength" of polar pack ice (Pritchard, 1977,

% 980; Hibler, 1980a, 1980b). The models used are generally based

So grid-size of 40-125 km, in which ice movement Ls modelled as a

1-r-t in of wind ann sea current. Compressive strengtth (load per

I' iiyt V th of ice cover) is a parameter which can be adjusted in

tr-.r , ohtiin a plausible match with observed behaviour. VaIIue-

S . ii ,, in this way ire ge o ral y in the range 5 x 1' -r

. r,. r t, pac'k ice of highly variable "hiickmnes . In gevnohr.il th

* %, - Z %



mean ice thickness lies in the range 2.6 - 4.0 m, though it is

likely that ice strength is controlled by areas of thinner ice

(Rothrock, 1975). It is not clear over what distance the large-

scale ice strength is effectively averaged (Croasdale, 1984) but for

present purposes we shall assume a length equal to the model grid-

size spacing. Thickness is assumed equal to average thickness,

yielding areas of the order 10 5 m2 . Ice strength values are plotted

from Pritchard (1977, 1980), Hibler (1980a, 1980b) and Tucker and

Hibler (1981). Because there is considerable doubt over the ice

thickness and distance scale to which these results refer, the data

points used have been plotted with error bars representing a range

of a factor of 2.

4. DATA: I - TRIAKIAL INDENTATION

Tests involving icebreakers and impact hammers generally involve a degree

of triaxial confinement: they are of type II, and involve geometry I
resembling that of Figure 1(b). Pressures measured during such tests

might be expected to be higher than those of type I. Figure 3 shows a

variety of such tests superimposed on the general trend of the data

groups of Figure 2. The data sources are as follows:

E. Icebreakers and Impact hammer

*Data are included from icebreakers impacting first-year ice (St.

John and Daley, 1984; St. John and others, 1984; Kujala and

Vuorio, 1985) and impacting multi-year ice (Ghoneim and Keinonen,

1983; Glen and Blount, 1984; St. John and Daley, 1984; St. John

and others, 1984; Edwards and others, unpublished). Results are

also plotted for impact hammer tests (Glen and Comfort, 1983).

In addition, I have added to this plot the data from Kry (1979a), in

which the ice was adfrozen to the indentor.

. DISCUSSION: ASPECT RATIO OR SCALE ?

"rlu. piot' ot iai lure pressure versus contact area (Figures 2 and 3)

ipruv Le on ippi rn t y , 1or,,it pc Lure, ot s.1, lo deptdnce n . The, odd it ion of

J. -? %.-.,-
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points derived from icebreaker tests (Figure 3) only slightly alters the

picture: as expected, at small contact areas while indenting thick

multi-year ice (Glen and Blount, 1984), high degrees of confinement occur

and lead to higher local pressures. In general an upper bound curve with

dependence of approximately

A%"7

provides an empirical fit to the data, at least for contact areas

exceeding 0.1 m 2 . A line of this slope is shown in Figure 3.

We see that for all tests carried out at full-scale on islands, (group C,

areas exceeding 100 m 2 ), measured pressures have been less than I MPa,

10-100 times less than those at laboratory scale.

The question arises, could this instead be an effect of aspect ratio

rather than size? The answer is unfortunately not clear-cut. Figure 4

shows all Lhe data of the pressure-area curve (Figure 2) plotted instead

,v. 1000
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as a function of aspect ratio D/t. The picture is more confused thai

that of Figure 2, but again shows a perceptible trend, with pei"

r- pressures generally falling off with increasing aspect ratio.

It is not, however, an unambiguous dependence on aspect ratio, since the

only points available for very high aspect ratio (D/t greater than 100)

. happen also to be points from very large size tests (areas exceeding

100 m'-). This can be seen in Figure 5, where the points of Figure 4 aru

subjected to the same grouping (A, B, C and D), as in Figure 3. The

results from Kry (1979a) are also included. The following points emerge:

1. Data groups C and D show generally lower pressures than groups A and

B, but it is ambiguous whether this is due to higher aspect ratio or

to large contact area.

2. Aspect ratio is certainly not the only factor responsible for tlh

* stress reduction observed. For instance, at aspect rat io

1000

100 ---- .... 7

_ A. adfrozen
.IJ

S10

DD

2 .f.

i, •uV4
r ,,

F',

. " - .- ,% , ,% . ,%, ,• %%% % r" % ,% ' % % % " % % ," % " "% "• "- W %



approximately 10, peak stresses anywhere between 0.05 KfPa and

6.5 MPa are observed - and the lower stresses are generally

associated with increasing contact area.

3. The data from Kry (1979a), in which ice was adfrozen to the

indentor, appear not to show any dependence on aspect ratio. This

is significant and lends weight, as we shall see in Section 6, to

the argument that scale effects, whether as a function of size or of

aspect ratio, may be due to effects of imperfect contact and non-

simultaneous failure.

(. THEORETICAL BASIS FOR SCALE EFFECTS

6.1 Flaws

It is easy to call up general arguments to demonstrate why a brittle

* aaterial such as ice should display a scale effect (Iyer, 1983;

Sanderson, 1984; Bazant and Kim, 1985). The arguments generally

(0onC17rn, either explicitly or implicitly, the existence of flaws in the

m.tLerlal, and tacitly make the assumption that flaws increase in size as

sarmple size increases. The sample thus becomes weaker. It is worth

711ikirig It perfectly clear what these assumptions are, since they are

i hdd en

niirtile conmpressive failure of a laboratory sample of ice containing

j-jil iin of flaws. The flaws may be micro-cracks, grain boundaries,

i;..- ither imperfection which is shown to behave as a flaw. The theory

0 inircslve rlct'ire of a flawed sample is given by Hallam (1986, this

* *~. . i- i lti-.rItion let its suppose the sample to be cubic of side

hiv- roguir f laws of size I mm and a compressive strength of

)it- i. iip It, ii then tested under unlaxial compression. A

- iV~nnigiiitiito -,,vi he explained qnulte well by linear elast-ic

t i 4 1 tl t t i - pe r I )rmti on a samp I e 100t) i ines

i.' asiiinpt iots wh ichi can bi- made ibout

* ii.. ,.'at' iwnin i~a~ fa) ind (h)
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Figure 6 Scaling assumptions: (a) Mateial remains uniform

(b) Geometric scaling of sample and material
P.

(c) Statistical distribution of flaws

(a) Constant flaw size

Firsty, assume that the material of which the sample is made really

remains precisely the same (Figure 6(a)) and continues to contain a

o pkia t jon of regular flaws of size I mm. In this case, a simple

f,-awLure mechanics analysis would show that the compressive strength

remiIned ,iichauged, at 10 MPa: flaws remain the same size and so the

, re. reqUorl.,d to propagAte them remains the same.

Geometric scaling

i d I , wh, Ie sample 1s st r i t IY scaled up geometrically, its

i li ,idd (ligure h(h)), t hen the Lrger sample will contain

%* %
rIj .



flaws I00 times larger, that is, 100 mm long. In this case a fracture

mechanics analysis (or indeed a simple dimensional analysis) will show

that if the linear dimensions of the sample increase by a factor A then

the fracture strength will decrease by a factor X-, (see, for instance,

Bazant and Kim, 1985). The strength of the sample should therefore

decrease by a factor of 10. Although this is a convenient demonstration

of a strength reduction of the order required, it is facile to claim that

it is a true explanation, for use of the geometric scaling law contains

the bold physical assumption that a larger sample contains larger

flaws. This may in fact be true, but if it is, it requires experimental

proof and cannot just be assumed. It would in fact be most odd if

doubling sample size automatically precisely doubled flaw size: it

actually implies that the material has changed. Nonetheless, it is

interesting to note that this explanation is still not quite sufficient

to explain the observed reduction of stress with area: simple scaling

would imply

a 2 or A 4

while in fact we observe approximately (as in Figure 3):

cc A-

(c) Statistical effects

\nother class of scaling is shown schematically in Figure 6(c). This

contains the more realistic starting assumption that any material

contains a statistical population of flaws of various sizes. On
selecting a sample of larger size there is then a higher chance of it

containing flaws from the tail-ends of the statistical distribution.

There is thus a highr chancf of it containin larger flaws. This
irg n ,rl t, dev. loped ,)rigiually by Weihill (1951) is apparently powerful,

but wis l*vel)pcd principallv ,r tcnqil . fracture where the "weakest

S1 lk" qopn- t ippli ic aIn' ! si agi . n01ltr,1 ii [j flaw is enough to lead to

.r n~l), f1i -vr. i , ia co vi ,i I v t rtt' ,)' 'WnPressivr fracture.

-'',,w,,v,,r , i I cu , h' i .,' , ' ' , i'. a I i h .c liv way w shouild expect

or e 4,- re 1P
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where b is a statistical parameter characterising the flaw sizte

distribution. In terms of area A X A2 this reduces to

-3/2

a c~A 2 bSA

So by experiment b is of the order of 3 if the Weibull treatment is

appropriate. This is consistent with values of 2-5 experimentally

determined by Gold (1972).

Again, the statistical argument summarised here needs both further

development and the provision of proof that flaws really do exist and

behave in an appropriate statistical fashion.

It is worth looking at the approximate flaw sizes required for the

argument to work:

(i) Small-to-medium scale tests (groups A & B of Figure 3) show

failure pressures of approximately 10 MPa. Assume that failure

is controlled by flaws of size approximately 1-5 mm (this

corresponds, for instance, to grain size).

(ii) Large scale tests, group C, show failure pressure of

approximately 0.5 MPa - a 20-fold reduction. On a simple

fracture mechanics argument, this would be achieved by flaws 400

times as big, or in the range 40-200 cm. There is, however, no

positive evidence that a sufficiently large number of flaws of

this size do indeed exist in naturally occurring first-year and

multi-year ice covers. If the argument from flaws is to be

believed, the existence of these flaws needs to be established.

(iii) Meso-scale models, group D, show strength of the order 0.01 MPa,

or 1,000 times less than groups A & B. This would imply flaws of

size 1-5 km. Large as this may seem, it is actually quite

realistic, since on the scale of the entire Arctic Ocean, it is

likely that open leads and individual floes of size several

kilometres do indeed behave as flaws. Any flight across the

Arctic Ocean will confirm that a sufficient number of such flaws

apparently exist.
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6.2 Non-simultaneous failure - size effect

Several authors have presented analyses of the statistics of non- I
simultaneous failure (Kry, 1980; Slomski and Vivatrat, 1983). These

analyses make use of the hypothesis that large-scale failure occurs by

successive fracture of independent zones (Figure 7a). The treatment is

probabilistic and looks at the statistical sum of individual stress time

series for a large number of zones. The statistical sum results in a

"smearing" uf peak stresses and the conclusion that peak stresses over a

large multi-zone area should be lower than over the area of a single

zone. The manner of the reduction depends on the details of the

statistics used.

'ore recently, Ashby and others (1986) have presented an alternative

approach to non-simultaneous failure which is based on a simple

mechanical argument and backed up by experiments with brittle foams. As

we shall see, it gives a realistic dependence on contact area. I

emphasize, however, that the argument is simplistic, and makes

assumptions which require experimental support. It proceeds as follows.

Consider an irregular block of thickness t in contact with an indentor of

width D (Figure 7). Assume that it can be idealised as a set of cubical

independent cells of dimension L. As each cell comes into contact with

the indentor, assume that a distance A can be moved before the cell fails

(this might correspond to critical displacement before flexural failure

or to critical strain before crushing failure - it does not matter). Let

the average force during this period of contact be FL over the area L 2 of

the cell concerned. Now, the probability, p of a particular cell area

being in contact is

p = A/L

(where A is very much less than L, so that p is small). In thc tt.1lrirea of contact A = Dt, the number of cell areas n is

n A ,I

Nuw simple prob.bi lity theorv (Ashbv ,ld ther , 198h) ,n hi w

show that the expected number of cnt ctlng c-ll within th, Iri \ . ,
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Figure 7 (a) Non-simultaneous failure

(b) Detailed geometrical assunrtions and definiv(ons

for analysis by Ashby and others (1986).

and the standard deviation is approximately (np) . If we take the 3-

standard deviation level as a reasonable extreme case, the maximum number

of areas simultaneously in active contact is approximately:

np + 3(np) (2)

or using equation (i) and (2),

-~L AAi

The total force F resulting is then

F A 3%
F I - + 3 --

U.,

.fld ti, indett t 11on presstire 7 is

• ..

', i , t t . [,I t ,r ni t~it. ,,pia t i i dc -iu- n s tr t '-, the obse rve ,
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them). Nonetheless, this does seem to present a plausible model of

observed behaviour. Note that for very large contact areas, the stress

A'- levels off (here, to approximately 0.33 MPa), which is rather higher than

Lhat found in meso-scale models.

The model has, however, many shortcomings, and should not be regarded as

a complete explanation. its defects are:

No satizfactory physical description of the zonal failure process is

g 1 X, e 7': the model is purely mechanical.

I. It is assumed that a failed zone clears perfectly, allowing a drop

to zero stress.

3. The value of _ has heen fitted: work is needed to derive it as a

function of a physical model of failure (for instance flexure).

4 . The statistical approach to peak stress is arbitrary: the selection

of 3 standard deviations from the mean needs justification or

refinement.

6.3 Non-simultaneous failure - aspect ratio effect

It is interesting to Investigate the model of Ashby & others (1986) a

little further, and investigate the possibility of aspect ratio effects.

In the treatment of Section 6.2 above, we assumed that non-simultaneous

failure occurred in discrete zones of size L, whose size is independent

of tie size of ice feature concerned. The selection of a constant value

for L was quite arbitrary.

Suppose instead that zone size is a function of ice th:. '.,,

reasonable assumption if, for instance, faIlure 1i !i tr

flexural mechanism. For simplicity, puL 1. n,, a i. . .

"1 distance ,, moved before fal lur, is a cons .int prp r:*

size. Assume that ea c I ll t o o t a i

',S before, t:, he I T i. -Tr!I: 4 1 1 1 . .

term, ), as po, t ra t i:

I
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I= 1+3 (t (5)

or, in terms of thickness and contact area:

' t 2) k
o X ( + 3 t (6)

Equation (6) generates a family of pressure area curves for different

values of thickness t. For illustration, four of these curves are shown

, in Figure 9(b), for thicknesses 0.01, 0.1 1.0 and 10 m. They are

compared with Figure 9(a) which shows data groups of the pressure area

curve classified in the same manner according to thickness. It can be

seen tha!: there is a plausible resemblance between theoretical curves and

the data set, but some significant departures:

1. Very high pressures (15 MPa) are predicted for thick ice (1-10 m)

over areas of (1-100 m 2 ). Such pressures have not been observed,

though this may be due to absence of data.

" 2. Poor agreement is apparently obtained for very small areas

(thickness 0.01 m and areas 10-4 - 10- 3 m 2). Predicted pressures

are too low.

There is obviously room for more investigation here. Non-simultaneous

* failure appears to be a fruitful line of explanation, but many questions

remain unanswered.

7. CONCLUSIONS AND RECOMMENDATIONS

1. Experimental evidence from a wide range of sources shows that

ice failure pressure is strongly size-dependent.

2. Peak pressures appear to be proportional to approximately the

.5 .r inverse square root of contact area.

.5-

3. Some dependence on aspect ratio is also apparent, but aspect

ratio effects alone cannot account for the scale dependence

observed.

%J
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We can, for illustration, now put reasonable constants into this equation

and fit it to the observed data. First, suppose L - I m, which is the

order of size of ice fragment typically observed in the Arctic after a

failure event. Secondly, assume that FL, the force required to fail a

single cell area, is 15 MN (a pressure of 15 MPa, as generally observed

for data groups A & B). Now, we know that for area A = 200 m - the peak

- stress is approximately 0.8 MPa (group C). Substituting into Equation 3,

we can infer that we need A 0.02 m, or 2 cm. This represents the

distance a cell can move before failure, and 2 cm seems a reasonable

value. The resulting formula is then

2o0.33 1 20.3 (4)= 0.33 ( 1 + -

which is valid for A> L 2. For areas less than or equal to L 2 we expect

pressure of the order of a single zone failure pressure, or 15 'iPa. This

resulting theoretical curve is shown in Figure 8, plotted over the data

0of Figure 2. Note that the treatment is not strictly valid for A - L2.

It will be seen that it agrees well with the observed data (which is notN

very surprising, since it is to a large degree empirically fitted to

'4...

-,. :1 9.,-

"Ashby and others (1986)

J..( 00 _ _ _ __ _ _ _ _ _

(II,~T 
, -!

0 10 10- 110 1 1

CONTACT AREA m

Figure 8 TheoreticaZ ?um)e of Ashby and n,1-_ i ,,

constrained to bound tlie osernved Izti. ;: 0

, 1, Fs - , vv and A 9.o2 .
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4. Arguments concerning flaws require the existence of large

flaws. If the arguments are to be taken seriously, the

existence of the flaws must be demonstrated.

5. A simple mechanical argument based on non-simultaneous failure

provides a plausible explanation. However, it is in need of

refinement and physical verification.

6. Gaps in the data set exist in two ranges of contact area:

(i) 0.01 - 0.1 m 2

(ii) 5 - 100 ru2

N Experiments should be performed to fill these gaps -

especially in range (ii).

7. In order to resolve the question whether size or aspect ratio

is responsible for the scale effect, it is desireable to have

tests performed at large size (- 100 m2 ) but low aspect ratio

(I or 2). Unfortunately this may not be te, inically feasible.
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ABSTRACT

The problem of scouring by icebergs and ridge keels is of concern in

the planning and design of seabed installations for the offshore oil

industry. Side scan sonar surveys, observations using manned

submersibles, evaluation of the geological and geotechnical properties,

and mathematical and physical modelling of the scour processes are some

of the methods currently used for understanding the problem of iceberg

scours. The different postulations of scour mechanics and the results of

observations in different geological environments are reviewed in this

paper. Iceberg-seabed interactions also induce forces under the keel

which create additional stresses on structures buried below the zone of

maximum observed scours. This is an area of research to be pursued. A

brief review is given on the ongoing DIGS (Dynamics of Iceberg Grounding

and Scouring) experiments.
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[ceberg scours are observed over much of the Canadian Atlantic

cuntinntal shell. Iceberg interaction with the seabed to create linear

scour marks was hypothesized by Charles Darwin (1855) and has been

identified in the offshore by the development of sides'an sonar

tChk -L1y in the 1970's. Iceberg scour marks appear in the form of

,near to c irvilinear furrows and :s pits, and occUr over the entire

eastern Canadian continental shelf from Baffin Bay to the Scotian Shelf

down to water depths of greater than 700 m. These marks vary markedly in

size and morphology and can occur as seabed furrows up to 200 m wide, 10

T,., deep and over 0 km in length.

ice scours are formed by one of two agents which are significant in

seabed disturbance - icebergs and sea ice pressure ridge keels.

e ridges originate from the rafting of sheets of sea ice under

pressure, wP>.:l produce keels of a few metres to a few tens of metres

deep. Thesse ral-elv exceed 40 m depth even in Arctic Ocean waters. Thus,

they are sinit,.ait in seabed disturbance on shallow continental shelves

ai-nd in ;:earshcre waters (Pelletier and Shearer 1972, Reinnitz and Barnes

1:74, Kovacs and Mellor 1974, Wadhams 1975, Shearer and Blasco 1975,

lewis ]918, 'tah gren 1979, Vilks 1979, Reimnitz and Kempena 1982, Weeks

er i 1983). On the other hand, thick glaciers and ice shelves which

calvc in deep waters produce large icebergs with drafts commonly in the

range i f 1,0 to 200 m (Dinsmore 1982, Hotzel and Miller 1983) or even

larger 'urray 1969). These keels are the principal agents for

ice-r:.]ted d s;itirbance of sediments on the offshore banks of eastern

,anaoa (F 1g. i). The resultant scours have been defined from sidescan

sonar records on the Scotian Shelf (King 1980), the western Grand Banks

(KinY 1976), nortiwestern Grand Banks (Amos and Barrie 1980, Fader and

Kii-, 1981, Lewis and Barrie 1981) Belle Isle Bank and the Labrador Shelf

(k{arris Tnd lol ymore 1984, Gustajtis 1979, Barrie 1980, Josenhaia and

Bsrrie 1982, Svvitski et al 1983, Pereira et al 1985). On the Ant,-rctica

i~e~f as . rir .;cours are found (e.g. Orheim et a] 1979, 1 ic's !981 .

Al . I, a. r er marks are ons iderUd to he Podtern, iii\ i mo te are

i or r , i og r-v1ict, dat i ng from an ear I i er p,,ologi.,1 pe Iod

iheir oof ',vtt. i ip-r rir from studies of ancient le.n,, ii,

I , r i i " - ro gtl. lalderson et al 1971) md shelt (i i.: 1)83 ,
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understanding of the mechanics of iceberg scouring.

The analysis of change in scour morphology is important for several

fundamental reasons. Firstly, the dimensions of many scour marks are

used in statistical analysis for determining the mean of extreme scour

penetrations and for iceberg scour return periods. Morphological

dimensions, such as depth and width, determined from acoustical

geophysical records, will be in error due to degradation unless the

processes can be quantified. Secondly, scour marks can act as benchmarks

against known processes of sediment erosion. This analysis may be

undertaken by examining the interrelationship of scour marks and

sedimentary bedform features; subsequently, the age of a scour can be

determined from the age of the bedforms. Alternatively, sediment

transport can be quantified if the scour mark is of known age. These

techniques are useful in examining both the modern scouring and its

setting in terms of the sediment dynamic regime. Thirdly, ancient scour

populations may degrade to such an extent that only residual features or

turbate is left, and these are a key to their origin.

A study of the mechanics of ice-seabed interaction is necessary for

estimating the maximum design burial depths for seabed installations. A

mathematical analysis of the scour mechanics is also relevant in

establishing the validity of the measured depths of modern scours

vis-a-vis the largest icebergs observed, the geotechnical and geological

properties of the seafloor, the general bathymetry, the environmental

forces, and the bottom dynamics.

MECHANICS OF SCOURING

When an ice keel comes in contact with the seafloor, it may either

become grounded and cease to move on, or if the environmental driving

forces, dominantly currents or pressure from the surrounding sea ice can

overcome seabed resistance to ploughing, the entrenched berg may continue

forward to create a flat-bottomed trough that is commonly referred to as

a scour.

Several hypotheses have been suggested for the mechanics of

iceberg-seabed interaction and formation of scours. One such hypothesis

(Chari and Allen 1972, Chari 1975) is that deepest scours will occur when

the seabed has a low shear strength (Fig. 2) and the iceberg is

relatively very strong. The scouring process was modelled as a up-slope

ploughing phenomenon (Fig. 3) in which the soil in front is heaved up in
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a series of passive failure rupture surfaces and displaced to the sides

as the iceberg progressively moves forward. When the kinetic energy is

dissipated, the iceberg becomes grounded. Several relinemeILs have becn

made to the above hypothesis, to take into account the hydrodynamic drag

of the currents (Chari 1979, Lopez et al 1981) and the type of seabed

sediwents (Chari and Peters 1981, Chari and Green 1981). A similar

'V analytical study has been published with some refinement to the soil

model and with particular reference to the sea ice keels in the Beaufort

Sea (Fenco 1975, Kivisild 1981).

The above type of soil-iceberg interaction has also been extensively

verified through physical laboratory models (Chari 1975, Arctec Canada

1980, Green 1984, Prasad 1985). The long flat-bottomed scour trenches

observed on the seabed with raised shoulders on both sides can be easily

explained by the foregoing theory. The forces transmitted into the soil

by the passing keel were also estimated (Green and Chari 1981, Green et

al 1983) so that seabed installations could be designed for these forces

or buried below the zone of iceberg influence.

From the perspective of design engineers requiring a knowledge of

absolutely safe burial depths below which a modern iceberg should not

scour, this hypothesis is likely to give a satisfactory answer. Some

variations of the up-slope scouring, (Fig. 4 and 5) have been discussed

(Chari et al 1980), but considered as not critical for engineering

design.

Side scan sonagrams and recent observations using a submersible

(Barrie et al 1986) show scour features which are not always rectilinear.

The physical explaination of these features is a topic of recent iceberg

scour studies.

When an iceberg is drifting at a constant speed, it is in a

steady-state motion. Since there is no relative velocity between the

iceberg and the environmental force field around, there is no net force

on the moving body. As soon as the iceberg touches the seabed there is a

force resisting the forward motion of the berg. As a result of the

deceleration of the iceberg, there is a relative velocity between the

iceberg and the surrounding environment. Forces are thus induced (Fig.

6) such as current drag, wind drag, and ice push (if there is an icefield

around). The effect ot waves may be ignored, as these are secondary and

negligible. For a stable iceberg which scours up-slope, the soil

resistance will continually increase, the iceberg will gradually sl(,w
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down, and the envi ronmental orces will also progressively increase.

When the iceberg is tin al 1' groulnndtd, the seabed resistance will be

equal to the environmental orces (Fig. 7).

icebergs continually i tdcr go me I inog and assume new positions oI

equilibrium. It an Jetberg is close to instabiliL Vie coitaiting the

seabed, it may become unstable and roll (Fig. 8, over as s ooti as t he

seafloor offers resistance. Suci an iceberg coi Id c rea t e a deep p11, and I
get grounded. It the kinietic energy or Lhe icebci-g is large and the

depth of initiai seabed DenetCation Is s! al, the iceberg would nave

forward after creatin 8 a pit ( I ari and t)casad i986)• The rcsulting

feature would be a scour t rench u Linite length, with a Iit at tie head I
of the scour track,._&

Sometimes, parts o! an i eberg breaK oft along n.ttural cleavage

planes in the process Ot MelLing. Such icebergs nay roll over and the
resulting draft of the iceberg may increase by as mu h as 5tU (Bass and

Peters 1984) Those icebergs could also cause pi ts on tile sea. loor

(Clark et al 1Q86) or a pit accompanied by a scour track.

The dynamic process ot roll over by an unstable iceberg is complex.

Before the iceberg reaches a new tqu ilibrium, it will be subjected to

vertical harmonic motions. [ius, an iceberg which causes a deep pit as

soon as it overturns, may follow through causing a relatively shallow,

long and flat scour track Fig. 8). Several other hypotheses can be

postulated for a rolling iceberg based on the above concept to explain

down-slope scours, pit chains, and other variations and combinat ions

thereof. For design purpose,, i, bern[ pits are localized events and have

to be assessed trom stat isthal. t vaGatjion Ot actual observations and

supported by other data stti i' ict-her>4 zes , geotec hnical propert ies of

the seabed, and other envi ronncnta' factors in that locat ion.

The assumption (t an infini telv strng, iceberg is aipprotrtate for

purposes of evaluating tle depth he low whi ch the seabed wi I I not be

Jisturbed. However, icebergs have planes of natural I ceavage a long wii ch

lailure o1ten occurs. It the seabed resistance is greater than the

iceberg strength along, its p anes oi weakness, it is likely that the

iceberg will break and f Ioa t f reeyI, af ter Leaving a segment of the

: iceberg grounded . Suh a process has been discussed by Clark et al

> t 1986 ).
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he processes of ice scour formation in the Beaufort Sea by sc-f iie

pressure ridge keels are somewhat similar to those dscussed -,it i er.

Hiowever, the! p redominoinL driving force is the movi[nI. sea ice cov'l wli lt

the ocean currents are considered to be the ma jor f-t or in the I thiidor

Sea

So-ouRr\V5 uiMPNT .?;SAND FEATURES

- ibr'O J s Isr i[Ict ive environments of iceberg 'nr, sIk,- t t t t I:!. d

i 1,~ up" ' ): ,; i -teophysical surveys and submersibei ob. ,,v! t 1l s ,o t iit

i sast r crii di an At lantic shelt (Barrie 1983). iles4 nu'' I'. ,:1.t t ,

1," le: { t ol !teent soil types which are part ially , resi'lt t -l Coit

silo ir . ILI! 0 ,dil nt origins.

S ,' i.rks in stiff clays have been observed i o t) t teI :-i.S

- criis jr er.il .id.kmnts) , with slope angles up to 60" and .c t penti oit ion

h" t m , m and greater. Submersible observar ions o' I (ii~btrlaid

Srr:o. i0 ba: ti Bay (MacLean 1982) have demonst rated rho notr. ', ta i se

' st te.-s !d, do ep l-penet rated scours. Another area where :simi lar

. omrohlogical scour relief occurs is southern Sag]bk Hazk the

.abrador Sea ,Barrie 1980, Todd 1984, .losenhars et al 19 1 h i:Crt and

Barrie O13 l) . iebergs scours on the seabed ot southero, Soglt k Bank

above [7) m water depth cover 70--100% of the entire seabed surta( -. ihe

pred.min, ntl long, linear to curvilinear scour marks oc, Ur witt IvL Irage

penetrar ion depths of 3 m, widths of 30 m and len, Is - sevoral

ki Lome t res

.otur marks development in bouldery material ae cn;arat tt-r std by

coucentrat ions at large boulders in the rims assoc iotcd with :i :i ner

mat r i of grave i and sand in the troughs. Ilhe re elet s ot kiuch noarks alt

trom I to 4 n, and slope angles are up to 1 ewi; L d 1 2.

Sobmr-ib o. .,bservations in this type ot encironmeltl have 1.-:n ,Im t

areas -,f til o ortheast Newtoundland shelf (Syvi trki a Ii ) , '.-I I ,

areas ol n i irj t n Bane, cn the souther I ,ibrador ,ht,. (I I ld

,)ie l.. l p i < a pi 1 o ly, the sediments in 1 Lst- I i i -11' 1 r

o rr t> a nci ad ,onta i i a h i g ;IL' I te KI

,, ir, l t- v l,.d ,,ver ;eta,,s ot thin .,urt i,

, I, drs, iobblIs, pebbles and i ti i , t

2 1 ( q
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examples are Makkovik Bank (Josenhans and Barrie 1982, Gilbert and Barrie

1985) where thin sands overlie a consolidated till (Josenhans et al 1985)

and the northwestern Grand Banks (Fader and King 1981, Lewis and Barrie

1981) where a thin Quaternary section of sand and gravel overlies

Tertiary sediments (Barrie et al 1984). Iceberg scours in both areas

have average widths of 35 m and penetration depths usually less than

2 m. Iceberg pits and pit chains are as common as linear scours in this

environment. Some appear overdeepened, a result o+ subsequent soil

tailure (Barrie et al 1986).

* SCOUR RATES, SEABED DYNAMICS AND DEGRADATION

The iceberg scour record for the foregoing three model environments

is representative of the geological history of the region since the last

glaciation; it also indicates the extent to which both relict and modern

sedimentary processes affect the areas. The dimensions of thb qcours in

th, three cases are consistent with the scour hypotheses discussed

earlier for those geotechnical environments.

The number of modern scour events varies with water depth and

-location. Woodworth-Lynas et al(1985) predict a grounding/scouring rate

for Saglek Bank of 4.3% and for Makkovik Bank 3.3% of all bergs in one

season based on iceberg observations from drilling platforms. Iceberg

scouring rates on the Grand Banks drop to less than 1% (d'Apollonia and

Lewis 1985). Josenhans and Zevenhuizen (1984), using a series of

oriented bottom photographs along a 6 km transect show a well-defined

'tresh' keel mark cut through a lag gravel into the underlying muddy sand

and gravel (diamict) substrate of Makkovik Bank. Similar observations

were made on transects of Nain and Saglek Banks (Josenhans and

Zevenhuizen 1984), suggesting that present-day scouring is, indeed, a

trequent occurrence within the shoal areas (i.e. 85-200 m). Using rough

aLculations based upon the above scour frequency for Saglek Bank,
3

Woodworth-Lynas et al (1985) predict that 110 million m of seabed

material is reworked by this process each year. This is reduced greatly

on the ( and Banks of Newfoundland.

Although iceberg scour longevity is apparent over most of the shelf,

recent scours are degraded rapidly by the bottom dynamics of some of the

areas. The cohesiveness and physical properties of sediments also

si ;nificantly influence the scour preservation potential.

- .m...m..% .
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6 1 r1hr , 3 i demonstrated that wave i uduced sediment t ransport is

% Pu C ".c Mst et ect ive agents in scour degradation. Barnes and

"Ri':.i, 1 a1' so observed the significance ot waves in conjunction

,V vC -1ot- s iii eroding ice scour ridges in the Beaufort Sea as did

cb.~e'. k i1b2 1 in the southern Beautort Sea.

Kb "-[. v :lit lv, in water depths less than 160-180 mi, the charakter o1

h -, ahede is ,i product ot the excavation and reworking of the seabed by

iceb.rgs, removal of excavated material and incorporation of it

into tLie sediment transport budget. In areas where scour mark

obliteration by bottom curre..ts exceeds the excavation by iceberg

ploughing, the seafloor (as seen from sidescan sonar records) will appear

t,, slvjw little e\idence of iceberg impacL thus falsely suggesting a low

incidence of iceberg grounding. Conversely where the obliteration rate

i l low, ior the same number of groundings, many well-preserved scour

marks wil> appear on the seabed, which can be misinterpreted to indicate

a higher rate of incidence. Estimates of the rate of iceberg groundings,

trom seafloor observations must carefully consider, therefore, the modern

sediment dynamics. A mathematical model to determine populations of

iceberg scour depths (Gaskill et al 1985) requires an input relating to

the quantitative values of scour infill rates.

'hBSERVATIONS OF SCOURING EVENTS AND ONGOING RESEARCH

Although iceberg scour marks on the continental shelf are attributed

to iceberg interaction with the seabed, as defined above, few

observations of an iceberg making contact with the seabed and creating an

identitiable scour have been documented in the literature. In many

cases, known groundings have been related indirectly to an iceberg scour

that 1,,s been detected by acoustical geophysical means subsequent to the

sioiry event.

An example of direct observation is a blocky iceberg code-named

Caroiine (Lewis and Barrie i980) (Fig. 9) which was established as being

grounded on the shoal area of Saglek Bank in August, 1979 during

ce;ntinuous eberg tracking using the radar on CSS HUDSON (Fillon 1979).

the berg grounded in 118 m of water, the inferred draft. The iceberg

apptared to have been ploughing a singular and finally double keeled

-,cLr towcirds the east with an average scour depth of less than 0.') m and

a maxim,,m s our width of 45 m (Fig. 9). The scour occurred in an area of

overconsolidated till (Unit 3A) with overlying patches of sand (losenhans

' l N
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et al 1985). The double keeled scour converged eventually at the end ol

t'e scour track, demonstrating the possible rotation of the scourilig

[tz si!es au sonar. An iceberg scour such as this provides a benchmark

roir. wki~ii change in scour morphology can be monitored. If a new scour

i i, si:: tar soil types can be further examined by use ot a manned

sibmorsibie, direct observations of both scour formations can be made and

compared. In August 1985, the PISCES IV submersible off the MV PANDORA

11 provided such an opportunity.

During the Dynamic Iceberg Scouring and Grounding Experiment (DIGS)

Si.Le is et al 1985, Josenhans et al 1985), the Caroline scour was

relocated and a new scour was identified cross-cutting it. Both scours

were examined from the PISCES IV submersible. The 1979 scour had

oiidergone considerable modification by currents and macr obenthos.

Results from this major program will be published in the near future.

Further work on mathematical and physical modelling is also in

t rogress to estimate the forces below the scour due to keel pressures

during scouring.

SL>LIARY

The type of scour features formed on the seafloor depend on the

geological, geotechnical, and environmental phenomena. Observations of

existing scour marks show qualitative correlation between those

variables. Further coordinated research to quantify the measurements

should lead to refined estimates for purposes of design of seabed

installations.
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NUMERICAL AND FINITE ELEMENT

TECHNIQUES IN CALCULATION OF

ICE-STRUCTURE INTERACTION

Ian J. Jordaan Det norske Veritas Canada

(Canada) Ltd.

Calgary, Alberta

ABSTRACT

* -Better understanding of the mechanics of ice has led to increased

demands for improved computational methods. To put this into

perspective, current trends in ice mechanics are reviewed. These

relate principally to creep, global (tensile) fracture as well as

compression fracture (crushing). The need for numerical methods

(finite element, discrete element, finite difference) is discussed in

the light of the review of mechanics of ice, as well as the boundary

conditions for the ice feature. Analyses carried out in past studies

and current work at various institutions are reviewed. These include

applications of elasticity, plasticity, creep (reference stress),

fracture and damage mechanics. Future research needs are reviewed:

these include studies of fracture, as related to splitting of ice

features, spalling and flexural failure, as well as crushing. The

latter can be studied by means of damage mechanics as well as

viscoplastic analyses, which are reviewed and discussed. Viscoplastic

analysis of crushed ice cannot be carried out using failure surfaces

for the virgin ice: new techniques are required, requiring flow

formulations and Eulerian coordinates. There is a ,ed for

integration of the various aspects with mechanical models based on the

actual prccesses involved in large and small scale experiments.
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1 1. INTRODUCTION

Many branches of engineering are concerned with the response of

ice to stress: this may be aimed at ice load estimation or the

response of ice as an engineering material, for example, in terms of

its bearing capacity. The key to more accurate estimation of ice

response lies in the implementation of realistic ice mechanics in

.J.. analytical methods. This is particularly true in the estimation of

ice loads for offshore structures: the motivation is similar to the

use of hydrodynamics for wave loads on ships and structures.

The main emphasis in the present paper is on the analysis of

floating ice masses, such as multi-year floes, and their interaction

with offshore structures. At the same time, some consideration is

S".given to bearing problems, ride-up and large-scale analysis of sea,

ice and surroundings.

- At the previous IAHR conference, Sanderson (1984) considered wide

-. - structures, with the width (D) being several times greater than the

ice thickness (T). Typically, an Arctic exploration structure may be

100 m wide and multi-year ice is about 5 m thick on average giving a

D/T ratio of 20. A monopod structure might yield a value of, say, 2.

Such ratios are attained in the laboratory, but the scale is up to

- three orders of magnitude less. For several reasons, the most

important being the brittleness of ice, it is not possible to scale

these results, without a detailed appreciation of the mechanics of ice

-- particularly during the process of interaction with a structure.

* To pursue briefly the question of scaling noted above, it is

useful to introduce the idea of average ice pressure on the structure,

* ,defined so that the force on a structure, F, is given by:

F *A (1)

where A = contact area and a average ice pressure. The value of o

a a
might be as high as 10 MPa for laboratory indentation and as little as

1 MPa for full scale impacts of natural multi-year sea ice on

structures with lateral dimensions of the order of 100 m (based on

Hnatiuk and Felzien, 1986, and other sources).
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In comparing laboratory and field data, the scale effect

represented by one to two orders of magnitude can be readily

identified if not explained by using values of aa as above. Often 0aa
is interpreted as a "crushing strength": "crushing" covers a

multitude of factors: splitting, flexural failure, spalling, as well

as pulverizing and subsequent clearing of pulverized ice.

The concept of average ice pressure can also be interpreted as an

energy per unit volume (Laskow, 1982). The power P of energy

dissipation or transformation at the face of a structure, i.e.

P = , where v, is the relative velocity of ice and structure

yields the following:

P ~a A dv/dt = a dV/dt (2)

where V is volume, for the case where force and velocity are in the

same direction and magnitude of force is given by Eq. (1): dV/dt is

the volume of ice penetrated per unit time. The quantity a then has

the units of energy per unit volume.

'- Such general considerations of average ice pressure and energy

are useful to put values into a practical format: an explanation of

the 10 - 100 factor relating ca in the small and the large can only be

obtained by studying the mechanical processes. As far as analytical

studies are concerned, it will be suggested that the complexity of ice

behaviour, including variation of its properties with stress history,

combined with the variability of ice properties and geometry in

*nature, dictates the use of numerical methods for its analysis. The

endpoint may well be in terms of a practical format such as the value

of a a to use in design.

*2. RELEVANT ICE MCECHLANICS

2.1 Salient Aspects of ice Mechanics

9 There are many manifestations of the behaviour of ice that lead

to a picture that is at first confusing: this complexity becomes

apparent in reviews such as Michel (1978). Interpretation is
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sometimes difficult and, in particular, the fact that ice is extremely

brittle, points to the need for methods of analysis more advanced than

conventional continuum theories. First, the salient points are

identified and then interpreted in terms of observed behaviour of

small and large scale specimens.

Ice is an elastic, creeping solid, yet it is extremely brittle,

one of the most brittle materials on earth. It forms as an

anisotropic crystal, and if these are aligned so that the crystal c-

axes are in the horizontal plane (for example) in an ice sheet, the

response of a specimen from the sheet will be anisotropic, although

the sheet may be a plane of elastic symmetry if the c-axis directions

are randomly orient-ed in the horizontal plane. If the c-axes are

randomly oriented in space, the ice may be treated as isotropic; such

araru]ar icc, as it is termed, is strictly speaking statistically

isotropic. Anisotropic response for elasticity and creep of solids is

well understood arid documented both for classical mechanics as well as

in the case of numerical analysis. These aspects are therefore not of

major concern (in terms of their ability to be analyzed), and

consequently will not be stressed in the following.

As mentioned earlier, ice is extremely brittle as is evidenced by

the extremely low fracture toughness and strain energy release rate.
2The latter value is of the order of 1 - 2 J/m , similar to the value

for glass. The result of this extreme brittleness is a propensity to

fracture, and for stable microcracking to be a common occurrence in

compressive states, leading to disintegration or pulverization of ice.

All of the above phenomena will now be discussed in further

detail with numerical analysis in mind.

O 2.2 Creep and the Role of Plasticity Theory

One might consider plasticity theory as a simplification, or

special case -,f creep. If the "flow" takes place at a distinct yield

. point (stress I-vel), atid happens rapidly, then creep can be replaced

by "plastic flow". There is no evidence that this is the case for

A icP; Potrndet. (1165) pointed this out and the most widely accepted

• I
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creep law for ice is that proposed by Sinha (1978), given nere in

terms of the uniaxial creep compliance, for loading at t = 0.

1 t 1 -At -
E E k (3)

In this, E elastic modulus, and E k , A, B, C, and n are constants.

It is attractive to represent this in terms of a rheological

model (Figure 1); this is strictly correct for the elastic and viscous

terms, but the delayed elastic term - the second term on the right

hand side of Eq. (3) - cannot strictly be derived on the basis of

viscoelastic theory. The power "B" in tB in the exponent is the

reason for this. Other models were reviewed recently by Ashby and

Duval (1985) and there appears to be scope for other formulations.
I

Elastic Delayed Elastic Strain Flow

Burgers Body

J

;V Maxwell Body

Figure 1. Viscoelastic Models for Ice
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.t is an interesting fact that a class of models of the kind

..
4)

where . (.) represents a function or "reduced time" that accounts fDr a

rare of effects, including non-linearities of scress-strain

relationships, can be derived from general constitutive theories

(Shapery, 1964). Thp,' can he put into stress-strain relati. uship of

tne kind:

t
-(t) = j J ,(t ) - , ( I5) ) d d

which is of the form of a Boltzmann superposition model, .veri though

non-linearities are included. Mode> of this kind, and t,ei. use in,

modelling ice, are re-iPwed in Jordaan (1986).

The form of model just described is at the same time exttmel.y

convenient from the point of view of numerical modellinq, .nince

computer storage of the entire stress-strain history is not nec-ssar':

only current values are needed. Thus, substantial computer i<:avinun

can be attained.

Glen's law - the third term of Eq. (3) - comes into the cateqoiv

just described, with

. t) = . ,, ( d t
0

* ~wher P C= c -  i the viscosity of the non-I ineer dIxt,. t tie

in-tant in tirme when the, t/r is applied.

't I F- of ten appro)prla t- to ne-jIec t p r irn' -3-

I e ]a ticity) ii secorncary creep dJ nTi S.t.fs . The low'r part 1 L r C.

shows th I i mple axwe I I m n ,  wh iu. 1 n ( e used t sl t a v r et' ,

practical prot, Lers.
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As noted earlier, there is no clear thtieshold ,true- f'r creep

and this is illustrated in Figure 2, where some curv:: Lased on

constant strain rate have been calculated. The "yield" plateaux are

not unique and depend on the strain rate. These results artu confirmed

by many experimental data sets.

There is no method known to the writer of replacing a creep

analysis with a plastic one and obtaining a rigorously correct result.

The reference stress method (Ponter et al., 1983) provides an

approximate method. As noted in the introduction, the rate at which

the force F on the structure does work is the power F:Fv if V is in

the direction of Z and this may (in the absence of other "work" terms)

be equated to the rate at which work is dissipated in the ice, i.e.

P V. d (6)

ii -3

where o. • is the stress at any point, £.. is the associat-d strain and

V is volume. This may be written as:

P =7 FR V (71

R R R

where O R is the reference stress at reference strain rate £ R" By an

appropriate choice of o C and VR, a plastic solution can be

obtained for the steady state case where F is constant. This is not a

rigorous analogy and is only a convenient approximate solution method,

requiring elasticity or plasticity solutions as a basis. It does not

imply that creep and plastic solutions in general give similar

answers, only that similar results can be obtained by the choice of

parameters. This choice is by no means arbitrary.

2.3 Higher Strain Rates and Complex States of Stres.

Although ice creeps at any stress state or level, apart from

% purely hydrostatic states, it is usually dominated by the prnpensity

to fracture. Figures 3-5 illustrate the overall p:ctjT,. iJndcr

tensile states of stress, the critical flaw will propaqat-, it a :;te's

given by :Y = (EG)/('ia) where E = elastic modulu: , G - pneryv• C c "

- requirement per unit area of crack, and ir esent 1- -1 m .r i

%-

4.4

"-0 ... .- .- .% - ," .%." • % ,.% % " % -4 4%- . 54 .



%~ 6-

5'-I
- . - -- - -- - - -- -

-,JDelayed

3-
I

0 0.2 0.4 0.6 0.8 1.0 1.2

Uniaxial Strain (10 )3

E 9500 MPO ;T=- I0 C

Creep Laws Used : Ed E
EfCO-

3

C =1.76xt0-7 s(Mpa)3  A =2.5 x10-4 s1 , 8=B0. 34

Figure 2. Various Creep Relationships and Plasticity

Approximations. Plastic Yield Plateaux

Vary vith Strain Rate
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'AA.

'-Tensile Failure

Ten sion C ompression
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Figure 3. Response to Uniaxial Stress at Higher Strain Rates:

Under Tensile Stress the Dominant Flaw Propagates,

sand Under Compression Stable Microcracking

Followed by "Slabbing" Occurs
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constant (for a given stress state) and a half the crack length.

The value of G is determined by experiment and depends on the stress
C

state, wnich affects the ease with which a crack will propagate; see

for example Sih (1973). The critical flaw will have the combination

of lenqth and orientation which gives the lowest value of C for allc

cracsh i-n the sample of material in the body under consideration (at

lower stresses, the material will creep without fracture). Generally

the cr i t ica I crack ,i LI propagate r ight through the spec men, leading

to fa i !1o, e.

Under compression, cracks are somewhat less prone to propagate

completely through the specimen. Some microcracking generally occurs

before failure. The phenomenon of "slabbing" is observed at higher

strain rates; this is seen in most brittle materials such as concrete,

sulphur, glass and ice. A single crack propagates right through the

specimen, parallel to the direction of loading. This is also seen in

quite large scalp tests (Wang and Poplin, 1981).

FigUre 4 illustrates schematically the stress-strain :esponse of

ice in compression, as it relates to a variety of phenomena. The

figure is based on results in the literature and the key features as

regards the material response are also illustrated. As the strain

rate increases, pure creep becomes less important, microcracking is

observed and the curves and the tests are often terminated by cracks

that extend vertically from the top to bottom of the specimen, the

"slabbing" phenomenon as noted above (Ashby and Hallam, 1986).

The imposition of compressive states of stress can be appreciated

by writing the stress and strain tensors, c'.. and C . respectively as:
i3 1J

-. - e 6 + e. (9
v 1j 1]

where p 1/3 C volumetric stress,

s. deviatoric stress,

= 1/3 r = volumetric strain,*V ii

Q. deviatoric strain, and
1]

= Kranecker delta.
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* Sudden Failure Due To Slabbing -

SIncreasing eSee Section 2.3

High 10-3-s

'~Zone In Which Stable Microcrocking
6 And Some Creep Occurs Prior To

Slabbing

0
a.

- /Acceleration Of Creep Rote-
Or Microcracking

Creep Behaviour At
2- Constant Rate

Strai C(% (<1.0 s

.51.

-. Figure 4. Shape of Uniaxial Compressive Stress-Strain

Curves at Constant Strain Rate, as Related

to Creep, Microcracking anbd Slabbing
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A jI
O"I  ..

- -

3 0 0 ",

Low p High p

Axial Strain "1-2% Axial Strain up

S S

° 
.

Figure 5. Behaviour Under Multi-Axial Compression and Related

Deviatoric Stress-Strain Relationships Based on Ashby and

Hallam (1986); At low hydrostatic stresses p the

wicrocracks extend in shear and lead to a 'shear" damage

process whereas at high values of p, the microcracks become

stabilized and only creep is observed.
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The imposition of a deviatoric stress state proportional to

(01 -03) is obtained by tests on cylinders under lateral confining
1 3

pressure 03 (Figure 5). The results are illustrated in the figure in

schematic form. At low p (and 03), cracks extend in a shear mode in a

stable manner progressively damaging the ice; this crack propagation

is suppressed at higher values of p, and creep will prevail.

This response is illustrated by the experimental results of Jones

(1982). In an interesting and well-conceived set of experiments,

cylindrical specimens with constant 03 (as described in the preceding

paragraph) were subjected to constant strain rate in the axial

direction. The resulting values of (01 - 03) were measured and the

curves of stress versus strain included creep curves and other curves

of the type illustrated in Figures 4 and 5, depending on the strain

rate and the value of p. It is interesting to analyze these results

with regard to the effect of strain rate. The following is consistent

with the interpretation of Jones (1982), but somewhat more attention

is given to the role of creep.

The first important point to be considered is that the imposition

of a stress state c1 > (02 = 03) results in a value of p =

(a 1 + 203)/3 and s12 = 2(01 - o3)/3= -2s 31 In other words, the

deviatoric stress is proportional to (01 - 03). If creep is

independent of p, and directly related to (aI - 03), then the curves

of (oa - 03) (at constant strain rate) versus strain will be

independent of a This is confirmed by the maximum values of

0  - 03) at various values of 03 given in the paper by Jones as shown

in Figure 6(a). The one exception is the response at combinations of

higher strain rates and low 03, attributed to the spread of

microcracks. This zone is shown as shaded in Figure 6(a).

It is interesting to observe that the peak values of stress in

-' Figure 6(a), taken from non-shaded areas, i.e. those which are attri-

buted to a creep response, can be considered to correspond to steady

state secondary creep. At this stage in the stress strain curve, - =

k0 n and log = log k + n log a. These are plotted in Figure 6(b) and

a reasonable straight line is obtained corresponding to n = 3.8.

There is some evidence of lower values of (o1 - 0 3) at high values
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Zone of Low HydrostotIc Pressure p
Shear Damage Process (Fig 5)is Applicable

o 30CL
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SFiijre 6. (a) Experimental Results of Jones (1982) show the

dominant creep behaviour except for shaded area

(b) determination of n in C =KI
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of 13 in Figure 6(a): this is not very conclusive and in addition,

the main area by practical importance is the left half of Figure 6(a). I

The conclusion of this section is that creep analysis is appro-

priate for low strain rates and also at higher strain rates with

confining pressures sufficient to suppress the propagation of micro-

cracks. There appears to be little scope for plasticity-based yield

criteria under these conditions. The occurrence of microcracking

under moderate compression is an area of great practical concern since

this is the principal mechanism involved in the "ice crushing"

process.

2.4 Crushing and the Shear Damage Process

Under moderate confining pressures, it has been observed that

shear cracks form and aggregate and result in failure (Ashby and

Hallam, 1986). This has also been observed in other materials

(Resende and Martin, 1984). Because most practical cases of ice-

structure interaction involve moderate confining pressures, this

process is regarded as being most important in practice.

Visual evidence supporting the shear damage process has been

obtained. Figure 7(a) shows a photograph of cracks forming under an

indenter (Timco 1986; Tomin et al, 1986). The stress state is close

to plane stress, i.e. moderate confinement, and can be approximated by

the Michell solution, see Timoshenko and Goodier (1970, p. 104), for

stress field resulting from uniform pressure across the indenter.

Figure 7(b) shows the orientation of the planes of maximum shear,

based on the Michell solution, which match closely the orientation of

the cracks in Figure 2(a).

It is important to recognize that the shear planes in Figure 7 (a)

are not slip lines as evidenced in plasticity. As the process

cc;:tinues, the cracks link up until discrete pieces of ice attain the

ability to move relative to each other. In plasticity theory, slip

lines are not associated with damage, and in this sense, the

progressive degradation of the material is quite different from

plasticity, since it leads to disintegration of the material.
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Figure 7. Process of Shear Damage in Ice

A reasonable way to analyze the process of progressive damage is

to take a continuum mechanics approach. The study of individual crack

propagation is important for understanding the underlying phenomena

but quickly results in an intractable situation when considering the

myriad of relatively stable cracks in the compression zone. The

continuum analysis mentioned above focusses instead on the overall

changes to the elastic response caused by the system of microcracks in

the material. (We concentrate here on the effect of the elastic

behaviour: creep damage theories (Leckie, 1978) can also be

considered, but they are beyond the present scope. They would

. consider the effect of damage on elasticity and creep.)

If one removes the elastic stiffness in shear, one is left with a

group of particles that can slide over each other. The latter beha-

viour can be treated as a viscous flow phenomenon (see next section).

With regard to the degradation of elasticity, the process envi-

- saged is shown in Figure 8. The material exhibits a strain-softening

," curve, resulting from the extension and proliferation of the micro-
a,. crack system. Upon unloading, a reduced elastic modulus results from
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Total Strain Total Strain
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---- Unloading

Figure 8. Process of Progressive Damage

- (a) With emory of Origin

(b) Damage Accompanied by the Development of Permanent Strains

0 the same cause. Finally the material has effectively no elastic

,- stress resistance and particles can move relative to each other.

- .- There are other effects such as dilatational behaviour of the cracked

. ice that should be accounted for, but they are considered to be of

less importance. Application of damage mechanics to ice is in its

infancy.

The implementation of damage mechanics in continuum analysis is

difficult to conceive as a closed form solution technique, but it may

be achieved by numerical analysis which provides an excellent ongoing

method for improving theories. Closed form approximations are

expected to result at a later stage.

2.5 Behaviour of Pulvtrized Ice

The clearing of ice around a structure or obstacle is important,

and can be achieved in several ways:[Ei' 1. creep of ice around the structure at low strain rates;

2. rotation and movement of large pieces of broken ice,

S-"resulting from global (tensile) fractures; and

3. "flow" of crushed ice.
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The present section deals with the third of these. One can think

of a distortional "energy" of disintegration (Figure 9), which results

in the virgin material being transformed into a pulverized "flowing"

material also illustrated in Figure 9.

--Energy of Pulverisation
s

Viscous Flow of
-] -- * Pulverised Ice

,-.. ,s =/.L

Figure 9. Shear Stress-Strain Curves With

Kurdymov and Kheisin (1976), in analyzing a set of dropped ball

tests, proposed a "flow" method of analysis. Figure 10 shows the

Sgeometry of the ball and the viscoplastic layer of crushed ice, next

- to the ball with a thickness h. There are some challenging aspects

that must be considered in putting this analysis in the context of

solid mechanics applied to ice, as summarized in the preceding

section. The most important of these is the question of Eulerian

versus Lagrangian coordinates. Before addressing this, we shall

.-

review the basic theory.

The idea of Kheisin and his co-workers was to treat the ice as a

viscous fluid. Taking up this idea, we write the deviatoric stress as

a function of the rate of deformation tensor Dij, i.e.

9

sij = ij (Dk) (10)
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Surface of
Spherical Ball

4o 
h

Virgin Ice Boundary of
Crushed Layer

Figure 10. Viscoplastic Layer ot Crushed Ice Under the

Ball (after Rurdywov and Kheisin, 1976)

where , i (-) is a nonlinear function. Equation (10) represents a

5- fluid obeying Stoke's law; if the function ()is linear we have a

5- Newtonian fluid:

ijki Wi 1

It is of great interest to note at this point that a problem in

elasticity exists, that is completely equivalent to that of the

Newtonian fluid; this is the problem of Hooke's law:

S.. =G. e
-~ij ijkl kZ (12)

where G is the shear modulus and e (as before) the deviatoric (Shear)

strain. One has, perforce, to treat the material as incompressible
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which is a suitable assumption for the viscous material. We will

proceed with further consideration of the rate of deformation tensor

Dij of equation (11); it is the symmetric part of the velocity

gradient tensor 3 v.i/ax. D D. + E.i (Note that x is a spatial

coordinate), the skew-symmetric component E.. is concerned with

rotations and does not enter into the stress-strain relations. the

important point is that Dij is the material derivative of the Eulerian

infinitesmal strain tensor, i.e. Dij =_ dcij/dt.

The problem of crushed ice can be treated initially as one of

slow viscous flow:

- F i P P~V 2 =o

1xvi 0 (13)

In this equation, p is pressure, Fi is a body force in direction i,

=coefficient of viscosity and 7 2 .)=Laplacian.

Inertia terms have been neglected, and simple rough calculation

shows this to be reasonable: the vertical distance travelled by ice

particles after observed indentations and impacts is of the order of

metres or less and this can be compared to the energy in the process,

which turns out to be many orders of magnitude greater than inertial

energy. Nevertheless, further study of this point can be undertaken

with established techniques.

In conclusion of this section, it may be stated that a visco-

plastic "flow" solution technique is an excellent starting point for

the problem of clearing of crushed ice. It leads itself to numerical

analysis and does not correspond in any way to plasticity of the
I virgin material.

2.6 Behaviour of Large Scale Ice Masses

Floating sea ice forms and deforms, melts, consolidates, contains

brine pockets, flaws and cracks and is highly irregular in thickness

~i.and geometry. All of these factors cry out for numerical modelling,
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and this is supported by the kinds of phenomena observed in large

scale impacts. The Hans Island experiments have shown several of the

effects but general observation of the Arctic shows phenomen& such as

ridge-building. Figure 11 illustrates some of these in a general way.

Large scale splitting has certainly been ouserved; non-simultaneous

failure is observed on wide structures (Kry, 1976) and flexural

failures - Figure 11(c) - are observed even in the case of multiyear

floes. The phenomena just noted all call for a statistical treatment:

weakest link theories (Weibull, 1951; Maes, Jordaan and Baldwin, 1986)

as well as statistical averaging as proposed by Kry have their role.

3. NUMERICAL MODELLING: A CRITICAL REVIEW

3.1 Motivation and Approach

Computer analysis has become a technique that is used when

standard methods cannot be used because of the complexity of

implementing them. The need for numerical modelling becomes evident

when consideration is given to the following:

(i) the complex behaviour of ice, particularly its

disintegration and subsequent "flow", result in spatially

varying mechanical properties.

(ii) the irregular shape, geometry and boundary conditions of

ice in the field.

(iii) the random distribution of flaws in sea ice and icebergs.

(iv) the fact that flow of crushed ice and its clearing implies

a flow (Eulerian) approach as against a Lagrangian

approach for "solid" ice mechanics.

Some research groups have been particularly active in numerical

modelling and they are identified in Appendix 1.
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0 (b) Non -Simultaneous
Crushing

(a) Splitting

Cross - Sectional
(c on -Simultaneous Flexural Elevation

Failures

Figure 11. Some Phenomena Observed in Large Scale

Impacts of Floes and structures (Schematic)
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3.1 Elasticity and Maximum Stress Approaches

For rapid loading, ice response can be characterized by linear

elasticity. An interesting finite element ai.alysis of ice sheets,

taking into account anisotropy, was presented by Riska (1980). Along

with this analysis, failure criteria were proposed to deal with

columnar ice. These were used to give maximum stress combinations at

failure and good agreement with measured values was obtained. The

author proposed more detailed analysis of the failure process - and

this is in accord with the thrust of the present report.

Other numerical elastic analyses include the work of Sodhi and

Hamza (1977), who conducted a finite element analysis of ice sheets

(plates on elastic foundation) . The emphasis here was on buckling

phenomena.

(I 3.2 Numerical Modelling of Creep Processes

Creep will be the dominant process only at very low strain rates;

fractures and crushing are observed even at rates of movement found in

landfast ice. Bearing problems in which ice is used as a structural

material supporting load, represent an area where creep analysis is

most important.

One of the earliest studies was one of the flow of large ice

masses, e.g. glacial ice (Emery and Mirza, 1980). In this, finite

elements were used to simulate flow behaviour (creep); basal sliding

as well as discontinuities were also simulated using special elements.

An interesting analysis of creep buckling of floating ice sheets

was carried out by Sjolind (984) based on the power-law creep term of

Eq.(3), i.e. . = Cc n .

The reference stress method was used to solve the indent ation

pzoblem for ice (Ponter et al, 1983). A finite element solution was

used to obtain "input" solutions for the method. Various val!IeS ot n

in a power-law creep formulation were investigated. Th(- met-od

ptovides an attractive method for obtaining a range -t appioxiimate
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closed form results from a limited number of finite element runs, and

has been used in practical studies of ice-structure interaction (e.g.,

Nessim, et al, 1986).

Btuen and Vivatrat (1984) and Vivatrat, Chen and Bruen (1984)

used a power-law stress-strain relationship similar to those just

discussed with n = 3 for low strain rates and n + on higher rates

(> 3 x 10 s-). The method of analysis was based on a bound theorem

of creep analysis and required the definition of a velocity field as

shown in Figure 12(a). Higher strain rates were account for by

considering lines of constant strain rate - the circles in Figure

12(b). Within the fractured and crushed zones, the boundaries of

which are given by the circles, different energy dissipation

mechanisms are operative. The results show an increasing effective

ice pressure with velocity, with a reduction of the pressure due to

the fracture, and crushing mechanisms. It is considered that the

method is very promising: a more direct linkage of energy dissipation

to the processes of damage and flow of crushed ice (Sections 3.4 and

3.5) would be advantageous.

.. /~I / /// ,

,// / /

I/enter/

Fragmented Zone
Crushed Zone

r- Fractured Zone
F Creeping Zone

(a) (b)

II

Figure 12. Bruen and Vivatrat's Velocity Field Approach
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In the context of the above method, it should be noted that a

finite element analysis of creep in ice has been developed (Chehayeb

et al, 1985) and compared to upper bound solutions based on velocity

fields as well as to other solutions.

It was pointed out earlier that bearing problems pose an

important area where creep solutions can be of use. Figure 13 shows a

result obtained by the writer's team as an illustrative example. It

is based on elastic response with power-law creep, using the finite

element program ABAQUS.

d%

Creep of a Plate on Elastic Foundation

-;<

4 
oh

4-

2

0, 2 3 4 5 6 7 8 9 10

Rodiol Coordinate (m)

Figure 13. Time-Dependent Bearing Analysis of a Floating Plate: Arc
Opposite Loaded Edge is Fixed. Power-Law Creep

With n = 3 Considered
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).3 Global Fracture Analysis

ia1 fracture is characterized by propagation of a single crack

i::alI nurber of cracks in zones of tension. This kind of event

C- t.ad o substantial load reduction by the splitting of ice

, .s ani the subsequent creation of additional degrees of freedom.

In - era~ing activities, this is of major significance.

One of the first calculations of this kind was presented by

e a] (1983). It was clear that further numerical work was

-in -rder to calculate more general situations, and the use of

n~rem,=ntal approach to propagation of cracks in large floes was

. i, mr-: za and Muggeridge, 1984).

i i-Ie use of energy release can be also accomplished by the use of

th~ J-integral (Parks, 1977) using finite elements leading to results

for general geometries, both of the crack and the ice feature. This

approach has oeen pursued by Tomin et al (1985) and a typical mesh

around a crack in an indenter problem is shown in Figure 14. In this

analysis, the crack length is incremented, and in effect the strain

energy released is compared to the energy requirement per unit area of

the crack.

( !asticity and creep effects at the crack tip can be included in

"-"h i-integral method, but are not usually of significance or

rt.[kr, the effect can be included in the energy requirement with

ln-D !1astic methods used for the energy release.

, use of fracture mechanics in bow form analysis and

5' >iT'1trn is of great potential importance, and should be pursued

-- ,<tigat ions of Arctic Shipping. The phenomenon of slabbing

* ...I ' ne clarified further from a scientific standpoint as regards

ii:-;ms involved.

3.4 Damage and Pulverization of Ice

,,, '-it earl i r (Sect ions 2.3 and 2.4), the fost impourtant

- , , ate, of moderate compression. This was recoqnizod by

.1
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Figure 14. Close-up View of the Local Mesh Around the Large Crack

Ting and Sunder (1985) who applied damage mechanics to sea ice with a
parameter D varying from 0 (no damage) to 1 (fully damaged). They

applied this to the delayed elastic and viscous flow terms in the

creep equation: degradation of elasticity was therefore only partly

taken into account. Analyses such as those or Bazant and Kim (1985),

applied to tensile states, should be assessed in light of the fact

that ice damage is important in states of moderate compressive stress.

The latter approach was based on the blunt crack band theory, which

could be extended to other states of stress.

A point that has not been recognized sufficiently is the process

of shear damage. As pointed out in Section 2.4, this leads to

eventual pulverization and indeed a crushed material that flows - but

without the rigidity of the virgin material. Shear damage has been

analyzed with regard to rock masses (Resende and Martin, 1984) and

was applied to ice by Cormeau et al (1986) . The degrading stress-

strain relationship was of the kind illustrated in Figure 8(b).
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3.5 Flow of Pulverized Ice

One does not have the luxury in ice mechanics of stopping the

analysis at a convenient point since one is not usually "designing"

the ice feature. In Section 2.5, the work of the Russian researchers

was discussed and the fact that pulverized ice will flow around an

object (at higher strain rates) was pointed out. The approach of

these workers has been followed by Brown et al (1986). An extension

of this analysis based on the elastic-viscoelastic analogy described

in Section 2.5, using finite element methods, has been given by

Cormeau et al (1986). This gives Eulerian solutions (flow through the

mesh) based on the analogy mentioned. An analysis using finite

differences and the computer program PISCES has been outlined by

Kivisild and Iyer (1978).

3.6 Discrete Element Analysis

Discrete elements differ from finite elements in that the

movement of each element is followed during the interaction

simulation. The discrete elements can separate along their

boundaries, so that discontinuities can be modelled.

The method was applied to ice problems by Yoshimura and Kamesaki

(1981). It has formed the basis of the program CICE, developed by

Hocking and his co-workers (Williams et al, 1985; Hocking et al,

1985) . This program has been calibrated against a wide set of

experimental and field results. To give a flavour of the results,

Figure 15 shows a cross-sectional plot of ice pieces during an

interaction.

Figure 15. Discrete Element Analysis of Interaction of Ice

Floe and Structure
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A variety of failure criteria are available, however, to simulate

the break-up of ice pieces. It is considered that a more detailed

analysis of fracture, taking into account existing cracks and flaws,

would make the calibration more effective. This could be achieved by

calibration with FE models of the kind described earlier (Section

3. 3) Also, the "book-keeping" involved in following individual ice

pieces in analyses of crushing would become excessive. A separate

"flow" analysis (Section 3.4) would be a possibility in this regard.

The method is, however, ideally suited for problems involving ride-up

and pile-up.

3.7 Large Scale Models

The dynamics and thermodynamics of sea ice cover is studied to

determine the extent, thickness distribution and velocity field of the

ice. Work in this area has been surveyed by Sodhi (1984) and will not

be dealt with in further detail here. The point might be made that

most analyses include viscoplastic zonstitutive relations for ice and

that fracture and damage are not modelled.

3.8 Statistical Aspects

One of the more important potential uses of numerical methods is

to study statistical aspects of ice mechanics. This work is in its

infancy: A recent study by Maes et al (1986) shows some results which

are illustrated in Figure 16.

4. CONCLUSION

It is tempting to describe the field of numerical analysis of ice

as a "Tower of Babel" of conflicting approaches - as one distinguished

researcher once described the field of ice mechanics. Yet there is an

urgent need to continue with a variety of approaches, so as to respond

to the complexity of ice behaviour. At the very least, numerical

analysis provides an ongoing tool for learning about the mechanics of

ice: and indeed, many of the studies summarized have done that.

High-speed computers provide the opportun.ty to perform analyses that

were not conceivable even one or two decades ago. These tools can be
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taken several steps forward and used in obtaining practical results.

Fror instance, the analysis of global fracture processes could be

carried out with the methods described using the J-integral: this

could be used for bow form analysis, for example, with the present

stage of technology. Joint analytical (numerical) and experimental

wor would be invaluable in general in advancing the state-of-the-art.

it may seem a truism to state that in making this advance, it is

imoortant to model realistically the behaviour of ice. Yet there are

still analyses that are proposed that describe ice as a "plastic"

material in the sense of a classical continuum mechanics approach.

.Dther approaches have analyzed ice as a set of nonlinear springs

%, without specifying how the stiffnesses are obtained.

0 The following aspects need particular attention:

- damage process in the small, and in the large;

- ice clearing, flow of pulverized ice, Eulerian formulations;

- statistical effects, local bending (buckling) of imperfect

sheets, spalling, non-simultaneous failure; and

- fracture mechanics for large ice features as found in the

field.
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FIELD TECHNIQUES FOR ICE FORCE MEASUREMENTS

K.R. Croasdale Esso Kesources Calgary

Frontier Section Head Canada Ltd. Alberta, Canada

R. Frederking National Research Ottawa

Senior Research Officer Council of Canada Ontario, Canada

1.0 Introduction

Efforts expended on analytical solutions for ice forces arid on laborator\

testing of ice are of limited value unless full-scale observations and

calibrations of ice structure interaction are also available. Without

real-world experience and measurements it is doubtful if any substantial

progress could have been made in understanding the physics of ice-

structure interaction, and in developing workable engineering methods.

In recognition of the importance of obtaining actual measurements of ice

forces, engineers have for a long time been developing measurement

techniques. Many bridge piers, lighthouses and docks have been

instrumented. More recently, the artificial islands and caisson

structures being used for exploratory drilling in the Arctic Ocean have

been the subject of ice-interaction measurements. in addition, natural

features such as small rock islands have been used as substitutes for

real structures in order to study ice-structure interaction in

environments where no man-made structures yet exist.

In addition to providing a key to better predictions, it is important to

recognize that the field measurement of ice forces is also an important

element of operational safety procedures. As engineers and operators

recognized the uncertainty inherent in ice force predictions, especially

in new environments (which were not always well-known), it became

apparent that a real-time indicator of the force leveis on a structure

(and/or its response) could he a vital element in operational safety.
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T herefore, from the time of the early artrificial drilling islands it has

been quite common to Link ice force instrumentation to operational alert

procedures. Alert procedures have been described elsewhere, (Wright and

Weaver, 1983) but briefly, as ice forces and/or structure deformations

reach certain predetermined levels, operational procedures on the island

*] are modified on a real-time basis. A typical extreme operational

response woild be to secure the well and evacuate all but a skeleton

crew. Such situations have been rare, but they have occurred. Obviously

they are costly modifications to an already costly operation. When ice

force measurement devices are linked to such operational procedures then

of course it is of paramount importance that the ice force measurements

(and their interpretation) are reliable and reasonably accurate.

Ubservation and measurements of ice-structure interaction have been

conducted worldwide, but because of the background and experienc of the
authors, this review paper will focus primarily on techniques developed

and applied in North America, especially in Canada. It should be

i.-phasized however that the international scientific and engineering

c:1,iI.Inity has contributed significantly to this topic; although it was in

anada wh ere most of the new techniques for arctic structures were

applied first.

S.,j )verview of Methods of Approach

When ice pwshes against a structure a force is generated. According to

N Lwton's aw, the force is equally and oppositely applie to both the

tructure and the ice. Therefore to measure the interaction force we

tO' a chice (-, measuring either the response o the structure, or the

response of the ice. This distinction broadly categorizes the two

,ndanent a. alproaches, namely;

- a siti measurements on the ice,

- st r utitra i responsie ;measurements.

i.it'c. ippr,.lich has its advantages and disadvantages, ideally both methods
S

n', )! h,, ,so]i together, but in some situations only one of the

'V. io~i ±nesAlIbe fei sicl.

r ::.1ple-, i l dynamic- ice situations where the ice is continuously

,, "7. iti lrt:tr,.) I to instrument the structure, because in situ

ini;- r minti/ A , the iro will quickly move by the structure. On the other
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hand, once the ice around a structure has become landfast (and subject to

relatively small movements) it will often be preferable to instrument the

ice surrounding the structure, (especially it the structure is an

artificial island surrounded by a grounded rubble field and therefore

difficult to instru:ient for global ice loads).

For di---ete ice features, such as isolated multi-year floes or icebergs,

imeasiirements ot the deceleration and motions ot the ice as it interacts

with the structure can be used to deduce the global ice forces.

On a structure we have the choice of either measuring the actual ice

pressures at the ice line, or measuring the global response of the

structure. Neither approach is simple, and both methods have their

difficulties when the structure is large and has redundant load paths.

Ice pressure panels at the ice line have the advantage that local

variations in ice pressure can also be measured. But unless a continuous

hand of load panels is placed around the structure (an expensive

proposition on a large structure), considerable interpolation and

extrapolation is required in order to predict global forces from a

limited number of local ice pressure readings. Also, sloping structures

are not amenable to this form of instrumentation for global forces.

internal strain gauging of structural elements is often a popular method,

*. but interpretation usually requires either a full-scale calibration or a

reliable structural analysis.

Another approach is to use soils instrumeuitation te.g. total pressure

cells, slope indicators, piezometers etc.) either in the foundation or

_ interior fill. The major drawback of this approach is that under service

loads, the response of the soil is often too small to be measured

re I. iablv.

i.U In Situ Methods

*' 3. 1 General

Superficially it would seem to be a relatively simple matter to measure

* in situ stresses in an ice sheet. Why not simply measure strain and

convert to stress using a value of modkilflus for ice? Alternatively

why not install in the ice a hydraulically filled fl, t j;.k-k connected to
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a pressure transducer and measure the pressure as the ice is stressed?

Both of these approaches are simple, and have been used with other

materials including soils and rock; what are the issues relating to their

use int ice?

First, in ice, the simple conversion of strain to stress is fraught with

difficulty, because ice is not a linear elastic material. Ice is a

material close to its melting point and therefore exhibits creep. When

ice is loaded with a constant stress it initially deforms elastically

* (i.e. if the load is removed the strain returns to zero) but after a few

* :-~:minutes (or less) the ice creeps. Initially there is a primary creep

- phase in which the strain rate is decreasing with time. This phase is

followed by a secondary creep phase in which the strain rate is constant,

* . and finally there is a tertiary creep phase in which the strain rate

increases to failure. These different creep regimes make the

interpretation of a simple strain measurement extremely difficult,

*especially since the elastic and creep deformation characteristics vary

with ice temperature, crystallography, salinity and stress level. In

fact, it is generally recognized by proponents of strain meters that ice

stress can be interpreted sensibly only when the ice is in secondary

creep. In that phase, there is a unique relationship between strain rate

and stress according to Glen's law

where eis strain rate; a is stress, n is equal to about 3, and A is a

coefficient depending on ice characteristics such as temperature,

salinity and crystal structure. Thus, strain meters, according to the

theory of ice deformation, may be useful only to measure loads applied

long enough for secondary creep to be established (about 45 minutes or
more).

The use of strain meters will be discussed later. At this point, it is

interesting to note that historically, because of perceived difficulties

in relating ice strain to stress, ice engineers have pursued the concept

of an in situ stress sensor which would be insensitive to varying ice

deformation characteristics resulting from creep and to the effects of
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varying ice properties such as temperature, salinity and crystal

structure.

3.2 Theory of ice stress sensors

There are problems associated with insertion of a sensor into an ice

sheet and interpretation of the results. First, an inclusion in an ice

sheet can lead to a disturbance of the stress field such that the stres;s

experienced by the sensor is different from the stress in the sheet had

the sensor not been there. This problem has been addressed by sevral

investigators (Metge et al, 1975; Templeton, 1981; Chen, 1961) and

elastic theories have been developed which relate sensor stiffness and

geometry to the modulus of the surrounding material.

a. -,Typical results from this theory of inclusions are reproduced in Fig. 1.

The results show obviously that the ideal sensor should have the same

modulus or stiffness as the ice. So why not build sensors according to

* such a specification? The problem, discussed earlier, is that the

relationship between stress and strain (modulus) for ice is complex and

.W . there is no unique value. Ice modulus varies with temperature, salinity,

crystal structure and, because of creep, with time of loading. T erefore

the ideal sensor should read the ice stress regardless of the modulus of

, . the surrounding ice. How can this be achieved?

The first attempt to rationalize sensor design was described by Metge

et al (1975). A wide thin sensor was proposed with sufficient stiffness

that as the effective ice modulus varied, the ratio between ice stress on

" the sensor and stress in the ice remained constant. As can be seen from

P '"zFig. 1, this should result in an inclusion factor (stress ratio)

S remaining close to 1.0. This then would be the ideal sensor form, and it

is the reason why several sensors of this type have apperared.

The equation for Figure I is of the form: (Chen, 1981)

_ (E /E)+(H/2D)(N/E)

00
I. (E I/E )[I+(H/2D)(N/E)]

Where u is the undisturbed stress in the ice

0 is the average stress felt by the sensor EI

E is the elastic modulus of the sensor
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D is the width or diameter of the sensor in a direction

perpendicular to the stress

- H is the thickness of the sensor in the stress direction

N is a property of the ice such that it is analogous to the

subgrade reaction.

Chen recommends that the value of N/E be taken as 1.0 based on both

theoretical and experimental examination of the problem. Thus

equation (2) reduces to

(E /E)+H/2D- _ 1(3)

1 (EI/E)(I+H/2D)

This equation is very similar to the one proposed by Metge et al

(1975) and yields a graphical result very similar to Figure 1.

Templeton (1981) provided a very thorough analysis of the embedded ice

sensor problem and confirmed the use of an equation similar to (3). He

also examined the effects of differential thermal expansion and the

effects of transverse pressure (biaxial stress), and developed equations

for their effects. He concluded that their effects on sensor accuracy

could be minimized by maximizing the width-to-thickness ratio, i.e. using

a thin wide sensor.

Despite this sound theoretical and practical basis for thin wide sensors,

others have developed symmetrical cylindrical sensors. These have the

advantage of biaxial capability and can usually be inserted into an

augered hole.

The theory of biaxial cylindrical sensors has been developed and reported

on by Cox and Johnson (1983). Their analysis yields, for a very stiff

sensor, a value of al/a = 1.5 which is the same result as given by

equation (3). Therefore, a stiff cylindrical sensor should have an

inclusion factor of about 0.67 to obtain values o' undisturbed ice

stress. However, interpretation is not simple, because of the biaxial

nature of the gauge. Readers are referred to the report of Cox and

Johnson (1983) for the full theoretical treatment.
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Even if we can accurately measure ice stress at discrete points in an ice

sheet pushing against a structure, a remaining problem is that of

converting these readings into a global load on the structure. A typical

deployment of stress sensors in the ice around a structure is shown in

Figure 2 (Netserk F-40, instrumented by Esso Resources Canada Ltd. in

1976). The theoretical approach to the problem is to calculate stress

fields in the surrounding ice, match the readings from the stress sensors

to the theoretical stress fields, hence to deduce the global load on the

structure.

Initial application of this approach assumed elastic properties for the

surrounding ice; more sophisticated approaches assume elasto-plastic ice

properties and/or take into account modifications to the stress

distribution due to ice creep. Wang and Ralston (1983) examined the

radial stress distribution in an ice sheet pressing against a circular

cylinder (with a frictionless boundary condition). A typical result of

* their analysis (Fig. 3) shows that a simple elastic analysis gives a good

approximation for radial stress decay. Furthermore it shows that if a

stress sensor is placed at a distance of one structure radius away from

the structure typically it will measure about 60% of the ice pressure

acting at the ice structure interface.

Naturally given adequate resources, the placing of several sensors along

radial lines out from the structure would be desirable in order to

confirm and/or calibrate such theoretical predictions.

It should be noted also that variation in ice modulus and thickness and

the presence of cracks can seriously affect the prediction of global

loads on the structure from in situ sensor readings.

4 3.3 Types and history of ice stress sensors

The first in situ ice pressure sensor (known to the authors) was

S developed at the University of Alaska in the early seventies (Nelson,

1975). The University of Alaska sensor was a small stiff sensor based

on a strain-gauged metal cylinder. About the same time, the National

Research Council in Ottawa developed a small soft sensor based on a

thin-walled metal cylinder (Frederking, 1980).
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Esso Resources Canada contracted the University of Alaska to install some

of its sensors around some of the early artificial islands in the

Beaufort Sea. Difficulties in interpretation of a small stiff sensor led

Esso to develop the wide thin soft sensor which was subsequently used

quite extensively by Esso around its islands (Metge et al, 1975).

The Esso sensor was later improved upon by Exxon who maintained thle

geometry of the Esso sensor but redesigned it internally to achieve

better linearity and a different stiffness (Templeton, 1979; Chen,

1981).

During the late 19 70's and early 1980's, a large variety of sensors

started to appear. The original Esso design was again used as the basis

for the M'EDOF panel used by Dome around the Tarsiut island (Pilkington

et al, 1983). Oceanographic Services developed a small cylindrical hard

sensor which could be installed in a hole cored in the ice sheet (Johnson

and Cox, 1930). ARCO (Oil and Gas Company developed a sensor based on the

flat jack principle (McBride, 1981). More recently, Arctec Canada has

built a thin wide metal sensor called the Hexpack (Graham, et al, 1983).

Other Canadian companies have developed both biaxial and panel type

sensors as well as hydraulic disk types.

In terms of generic types, most of the above sensors can be considered to

fall into two broad categories;

-thin wide sensors with a stiffness close to that of ice, and

-small stiff sensors

In a category of its own is the ARCO hydraulically filled disc, which is

thin in relation to its diameter, but is small (about 4 inches in

diameter) in relation to the ice thickness.

The thin wide panel sensors are generally arranged to measure the ice

stress through the full ice sheet thickness. Their sensing elements can

be wired-up to give either the average compressive stress through the

thickness or the ice stress at various levels through the ice thickness.

Obviously small sensors can only measure stress over a small area,

therefore, several may be needed through the ice sheet thickness in order

to obtain an integrated stress for load. Thin wide sensors can usually
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measure stress only in one direction, small cylindrical sensors can

measure the principal stresses and direction. Of course any uniaxial

sensing unit can be arranged in a rosette to enable principal stresses at

a point to be measured.

I 3.4 Ice strain meters

Surface strain meters for use on sea ice have been in use for over a

decade. Goodman (1980) describes their history and technical details.

The original design was based on an invar wire and could typically

resolve strain to 10-8. Moore and Wadhams (1980) describe a rod strain

meter which is generally more robust and portable than the wire gauge but

with less resolution (10-7).

Strain meters have been used to study the response of ice floes and

-" icebergs to wave action (Goodman et al, 1980) and to conduct strain

Vmeasurements in floating ice platforms (Anderson and Perry, 1980).

0Prodanovic (1978) describe a steel rod strain meter which was used to
study strains in the land fast ice in the Alaska Beaufort Sea. More

* * .recently strain meters have been used on ice around structures in order

* to estimate ice forces. British Petroleum have pioneered this latter

application (Goodman 1983; Sanderson et al, 1983; Frederking et al,

1984).

Strain meters have certain advantages over stress meters,

- they are easily deployed

- they do not disturb the ice stress

On the other hand, they have certain disadvantages,

- they measure only surface strain, bending strains may mask the

compressive strains of interest

- their interpretation requires an intimate understanding of how

strain rate relates to ice stress for different kinds of ice at

various temperatures and salinities.

It is beyond the scope of this paper to present the theory for the

interpretation of strain meters. The reader is referred to Sanderson

(1984) for more details.

[ For additional discussion of various sensor types and their history refer

to 4th Report of Working Group on Testing Methods in Ice, IAHR (1984).
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3.5 In situ sensors - performance data

During the development and application of in situ ice sensors, a variety

of tests have been performed to establish sensor characteristics and

their response in controlled load environments. Basic performance data

required for all sensors is a calibration of output against applied

stress. For most sensors this is easily done in a loading press. Such

tests also will indicate any fundamental problems such as non-linearily

and hysteresis which could adversely affect thei: interpretation. Tests

conducted in a sensitive test machine can also give the stiffness of the

sensor which may be required to interpret the results using inciusion

theory.

Calibration and testing of an ice sensor in a press is relatively simple,

but does not confirm whether the sensor behaves as expected when it is

contained in an ice sheet. Therefore, tests of sensors in ice under

controlled load conditions are very important in establishing confidence

in their readings. Until recently few tests of this nature have been

performed. The exceptions were tests conducted on the Esso panel

(Trofimenkoff, 1977), tests conducted on the Exxon panel (Chen 1981),

tests conducted by Frederking (1980) on a cylindrical sensor and tests

conducted on a biaxial cylindrical sensor (Johnson and Cox, 1980; Cox,

1984). The latter tests were conducted in the laboratory using both

saline and fresh water ice under both uniaxial and biaxial stress

conditions. Laboratory testing of this sensor was feasible because of

its small size (5.72 cm diameter). Typical results from these tests

showed good agreement between applied and measured stresses (within 15%),

a resolution of about 20 kPa, and a temperature sensitivity of about

5 kPa/*C.

In a recent experiment, ten sensor types were tested in a large outdoor

ice basin under controlled load conditons (K.R. Croasdale and Associates

Ltd, 1984; Croasdale et al, 1986). The ice sheet was approximately 0.7 m

thick, 50 m long and 30 mn wide. Loads up to 1400 kN were applied at one

end and reacted against an instrumented structure 3 m wide at the other

end. The sensors were placed in the ice in front of the structure

analogous to how they might be used in the field in an ice sheet

sheet surrounding a structure. The overall goal of the research project
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was to evaluate how well sensors of various types could predict the

forces on a structure, for both short- and long-term loads.

* Twenty two separate tests were conducted at a variety of load levels.

For most of the tests, most of the sensors yielded an output which

generally tracked quite well the applied load on the structure. For each

% " load plateau tested, the ouput from each sensor was converted to an

average pressure across the reaction structure assuming an elastic stress

distribution in the ice sheet.

For each sensor it was then possible to present the results as actual

pressure on the structure (obtained directly from the load cells

supporting the reaction structure) against predicted pressure on the

structure obtained from the sensor reading. Results obtained for a

typical panel-type sensor are shown in Figure 4. The panel measured the

average ice stress through its thickness. Where small sensors (e.g.

hydraulic disks) were used these were arranged in a rosette at two levels

in the ice sheet. The average of the outputs from the two levels was

%" used to obtain the results shown in Figure 5. Results obtained from the

stiff cylindrical bi-axial sensor are shown in Figure 6. The slightly

greater scatter obtained from this sensor is most likely due to the

problem of using the measured stress as the average through the ice

thickness. It was recognized that in some of the later tests, bending

was induced in the ice sheet due to tilting back of the reaction

structure. This bending of the ice sheet, although not detectable to the

eye, also severely affected the use of the strain meters to predict loads

on the structure.

In general, the experiment showed that in situ ice stress sensors of

various generic types did respond as expected. For example, the

-, panel-type sensors had inclusion factors close to 1.0, which did not

change significantly with the time of applied load, i.e. creep. TheI
experiment also indicated that for those sensors which were operational,

the average percentage difference between the actual load on the

structure and that obtained from the sensors readings was better than

about 3.U. Sensors which sampled at various levels in the ice sheeta
showedi that a redistribution of stress through the ice sheet thickness

did occur un& ir long term loads, presumably due to creep. These results
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emphasize the need to measure ice stress at more than one level through

its thickness.

.b in situ sensors - case histories

he exploratory drilling island-, which were built in the shallow waters

of the Beaufort Sea commencing in 1973 provided a major incentive for the

.l'velopment and application of in situ ice stress sensors. Artificial

islands are not easily instrumented for ice forces, especially if they

ec se ias iost do) surrounded by a grounded ice rubble field. Under

these circumstances, about the ouny feasible method of deducing ice

forces is to install in situ sensors in the ice surrounding the island

and grouknded rubble.

Initial efforts were based on a small hard sensor developed at the

University of Alaska (Nelson and Sackinger, 1976). In addition, Esso's

research department in Calgary, which was responsible for the monitoring

of the early island, developed a thin wide soft sensor designed to

penetrate the tull ice thickness. These were usually arranged to measure

radial stresses applied to the island (Figure 2). They were usually

hard-wired back to a central data acquisition system on the island.

Soils instruments, such as slope indicators and piezometers, were often

* also installed at a site, as well as devices to measure relative movement

between the ice and the island.

'Fable I is an extension of a similar table originally prepared by

Sanderson (1984). It summarizes the applications of in situ ice sensors

(to measure ice forces) which has occurred in the Canadian Arctic from

1974 to the present. As Table I indicates, the first five islands were

all instrumented in a similar fashion using Esso panels. The data

gathered provided confirmation of design criteria and insights into ice

structure interaction processes. As well, the instruments were linked to

a real-time ice alert and ice defence system, which provided comfort to

both the operating staff, management, and regulators, especially as

islands were being built in ever increasing water depths.

Results from these early ice force monitoring projects are contained in

the original company reports which are now available through APOA (see

'Table I). Sanderson (1984) refers to the results and provides a brief
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bending in the ice sheet which also induced cracking of the ice. The

bending and cracking of the ice made comparison between sensors rather

difficult.

The instrumentation of the Esso caisson retained island has been

described by Hawkins et al (1983). At both sites where the caisson has

been deployed (Kadluk and Amerk - see Table 1), in situ ice sensors have

been deployed also. Results from the in situ sensors are reported by

Johnson et al (1985), Croasdale (1985), Sayed et al (1986). At the Amerk

location ice panels were placed in the refrozen ice rubble surrounding

the caisson. The objective of the program was to investigate load

transfer through the grounded ice rubble to the steel caisson. The

results of the work indicate that at low load levels (i.e. 250 kPa

applied at outside edge of rubble), all the load appears to be

transferred to the underwater berm via the grounded ice rubble, and the

caissons see no load.

Results from the nonitoring of the SSDC at Uviluk and other locations

have not been published yet.

One other application of in situ sensors which is in its early stages

(and is referred to in Table i) is to measure the driving forces in the

pack-ice. In the context of ice forces, the incentives for such

measurements was discussed by Croasdale and others in 1984. A project on

the topic financed by the Government of Canada (proposal - Croasdale,

1985) led to a trial deployment of sensors in a multi-year floe in the

southern Beaufort Sea in April 1986. The sensors had been specially

designed for the low stress expected, and extensively cold room tested

prior to field deployment. The results from the program will be

published in 1987.

3.7 In situ sensors - comments on installation and removal

Panel-type sensors are usually installed using long-bladed chain saws.

The thicker the ice the more difficult this operation becomes. Ice up to

about I m thick is usually no problem, ice thicker than 1.5 m presents

% quite a challenge. Even though panel sensors are thin, they ar- thicker

% than a normal chain saw blade and it is usually necessary to make two

I parallel cuts about I cm apart. Care should be taken to avoid breaking
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discussion of an event during which ice stresses up to l.0 MPa were

measured. Interpreted average stress across the island width was

- 1.2 MPa.

In 1981 the Tarsiut caisson island was constructed in 22 m of water. It

was a significant departure in design from the dredged islands built to

that time. Therefore it was decided to invest heavily in instrumentation

for both operational safety and research purposes. The two seasons of

data gathering at Tarsiut are referred to in Table 1 and have been

discussed by Sanderson (1984), and Pilkington et at (1983). Note that

the Medof panel is based on the internal design of the original Esso

panel but uses the volume change of a fluid to indicate strain (the

original Esso sensor measured capacitance). Also note that the Tarsiut

second-season program utilized surface strain meters as a method of

estimating total loads on the island (Sanderson, 1984). No results from

the Tarsiut monitoring programs have yet been published but Pilkington

et al (1983) notes that "The strain-gauged flat jack panels (on the

structure) and the Medof panels (in-situ) provided the best ice load

information, and generally, reasonable agreement was noted betw en these

instruments where they could be compared."

Adams Island is a small natural rock island at the north end of Baffin

Island. It was chosen by the National Research Council of Canada as a

site to conduct ice interaction research. In situ instruments, both

stress meters and strain meters were used. Details of the programs and

results are given by Frederking et al (1984 and 1986). A typical output

from one of the biaxial stress sensors is shown as Figure 7. Maximum

principal compressive stress measured in the ice was about 350 KPa. (The

ice was land-fast, with movements up to 300 mm/day and a strong tidal

cycle).

The Nanisivik Dock on Baffin Island was also a site where in situ

instruments were deployed during the winter of 1983/84 (see Table 1).

Four different types of stress sensor and one strain meter were used.

The overall objective of the program was to compare results from a

% variety of sensors installed at the same location. The results are

described by Croasdale (1985). In general, compressive stresses in the

ice around the dock were low. There was a strong tidal cycle causing
S
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through to water until the full slot perimeter has been cut as deep as

possible (dry slots are easier to cut than wet slots, especially in

extremely cold weather).

If a chain saw is not available a slot can be made using a continuous

line of augered holes, broken between if necessary, using an ice chisel.

Where a major installation of ice panels is planned around a structure, a

tractor equipped with a ditching blade is well worth having, and will

save considerable labour. Slots can also be cut with steam or hot water,

which incidentally, is the preferred method of panel removal.

Panel-type sensors should never be placed closer together than about 2 m.

It is important to perform final checks on the sensor operation and to

take zero readings prior to installing the sensors in their slots

(recognizing that the temperature of the sensor lying on the ice will

usually be colder than when it iE frozen in). Freeze-in stresses will

* often be recorded by sensors (typically up to 356 kPa), but they are

usually relieved by creep over a period of the first few days of

operation of the sensor.

Smaller cylindrical and disk-type sensors (say less than 10 cm diameter)

can be installed in augered holes. This operation of course is much

easier. In this case the depth of the holes can be set less than the ice

thickness and the sensors flooded from the top. The only advantage is to

be able to use fresh water rather than saline water when operating on sea

ice. Experience indicates that under typical winter arctic conditions

the choice of sea water or fresh water as a backfill material is not

critical. Under warm conditions, fresh water is preferred in order to

avoid the low modulus associated with warm saline ice. Under relatively

warm conditions the freezing-in process can be accelerated by using a

pack of dry ice at the surface and by putting back the ice cuttings into

In situ calibrations of ice sensors have been attempted using thin flat

jacks inserted into slots close to the sensors. Results from these

caliratonsare often ambiguous because of uncertainty about the actual

:hich are temperature sensitive it is usually necessary to install a

171

0%LI AL. IL ... A-



thermistor string close to the sensor through the ice thickness. Sensors

should be installed in a flat and even area of the ice sheet, away from

any cracks which may already be in the ice. If it is not possible to

install a rosette of stress sensors, then a strain meter rosette on the

ice surface near the stress sensor may be very helpful in interpretation

of the stress readings.

3.8 In situ ice sensors - the future

The technology of ice stress sensors is now reasonably well developed.

Sensors of various geometries ranging from thin wide panels to small

stiff cylindrical sensors appear to function satisfactorily. Remaining

problems are;

- improving installation and removal procedures especially for

remote applications;

- development of a sensor which does not have to be frozen-in (for

summer multi-year floe impact studies either by ships or against

structures);

- reducing sensor costs (so that they can be abandoned if

necessary);

- further work on low stress range sensors for pack ice force

measurements (work on this has already started; Croasdale, 1985).

4.0 Ice Forces from Floe Motions

Another approach to measuring ice forces during ice-structure interaction

is to deduce the ice forces from floe motions during an impact. Such an

approach vas used at Hans Island in 1980, 1981 and 1983. At Hans Island

the decelerations of multi-year floes impacting the island were measured.

By also estimating the mass of the floes, the ice forces acting between

floe and island were deduced. These experiments have been described by

Xetge et al (1981) and Danielewicz et al (1983). Readers are referred to

these references for a detailed discussion of the technique.

5.0 Loads on Structures

5.1 General

Where structurE ; are placed in ice-covered waters an opportunity is

presented for direct measurement of ice loads. Generally this can be

accomplished by one of three fundamental approaches: (i) measiire

strains, deformations or movements of the structure itself, (ii) addItion
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N>,( of load sensing panels to the structure, and (iii) in cases of dynamic

loads, measure accelerations of the structure, which, when combined with

a knowledge of the dynamic response of the structure, allows loads to be

determined. All three, but particularly the first two approaches

generate information relevant to both local and global ice Loads.

The first direct measurements of ice loads were on hydrauliic structures

such as bridge piers, dams and lighthouses. Measuremeats were carried

out in the Soviet Union, United States of America, 6ermany, 3nd Canada

prior to 1970. In the past decade and a half, efforts have concentrated

on measurements on offshore structures in marine environmenLs. As

indicated in the introduction, this review will concentrate on more

recent experience in North America. Each of the three measurement

approaches will now be considered in general. The remainder of this

chapter will contain a number of case studies, critical comments and a

concludLng statement on the current status and future directions.

0

5.1.1 Structural measurements

The structure itself can be used as a transducer by measuring strain in

components of the structure, relative deformations between parts of the

structure, or absolute movements of the structure. In all cases some

form of calibration is needed to convert the measurements into ice loads.

Conversion can be accomplished by analytical calculations or by physical

load calibration tests. Analytical calibrations require an accuirate

description of the geometry of the component.; of the structure, the

nature of the interconnections between the components, and the

constitutive relations for the materials from which the components are

constructed. In large steel or reinforced concrete structures such

* analytical expressions generally exist since they are used in design.

However they require adaptation to make the.a suitable for load

predictions When such expressions can be derived with adequate

acclracy, puoi t i'nids or load dist ribut ions can be deduced from strain or

jetorinat i ) measoremkrits in the structure. Ambiguities in interpretation

may arise die I-) redundances; in the load paths between load app Ii a tiOn

. ,io t, ird str r i gouge, locat ions. Analytical calculatiion : ;i1 o ;re

req i 1 i t-o ,t' "st, the locition ot instrumentation.
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Alternatively, physical calibration tests can be done, i.e. known loads

or load distributions are applied to the structure and the resulting

strains or deflections are measured. Physical calibrations potentially

are more accurate provided that the nature of the actual ice load is

correctly anticipated. However, physical calibrations are expensive to

perform and have a limit on how far they can be extrapolated. Ideally a

combination of physical and analytical calibrations should be used.

The actual type of transducer used in this type of measurement includes

strain gauges or displacement transducers. Strain gauges are bonded to

parts of the structure which are expected to have high sensitivity and

accurate response to the anticipated loads. Similarily, displacement

transducers, pendulums, borehole inclinomettrs or laser beams have been

used to measure relative displacementi between different parts of a

structure. Surveying instruments incliidirn laser ranging devices are

used to measure absolute displacements of the structure.

5.1.2 Add-on transducers

Load sensing panels have been p1 iced ) a r in the outer skirface of

structures to measure ice l:ads . These are speci.il purpose ilstruments

which are designed or adapted t,) directly measiro ice loads. in essence

they consist of some sort of plate or panel t, ,l le't i- ',,aid and a

load meastiring traushi,er. Die c)llctr pa: l ."in Jary i, si', tr )!n .

few millimeters to i few meters. 1n, I . t ni r i . t ri o , r , an4 '1:1 e

several levels )f sophisti'ati )n; i.o. m nai r' t )t.ri a ,rn.( I a ;1s, i,. r

loads and lo-ul distrihittions. D i: a ,r . i ,i 1 )ti Vr ,. c'

Loads, local loads ind pressn r,-a '.. k ,i rl4, i .

..

Load )r pressulre parels are a r. ii r,'t i.. i,,i :' . ,

structural measurements, )it tridgiuc .: ,.. . .

problem of in siltl tra'isdi rs ) pro- , i , .t. ,.

match the stiffness and sirt i,. -ar ri -

those of the structure. lil s tI s. I I 4 '

stiffer than the surroundinig str lt,ir,, i

if it is more compliant it will te l .,, ,

elastic nor a simple fluid, hit i- i -, .

of pressure is complex. It is desirlhl, tL' t . 1

using ice.
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No theory, similar to that for in situ transducers, has been leveloped

for the design and placement of force or pressure transducers on

structures subject to ice loads. Graham et al ([983) have sugested

criteria, which, while developed for soils, could in the absence of any

o.ther guidelines, be applied for ice. The following criteria might ht

applied: (i) for a diaphram type pressure sensor inder a uniform

pressure the ratio of diaphram diameter to centre deflection shrilc

p... exceed 2000 at rated pressure, (ii) for a rigid plate transducer the

ratio of diameter to deflection should exceed lU, Uo at rated load. TPi

is a subject which requires further work.

One class of transducer includes small circular diaphram types hi h is.

strain gauges or pressure gauges to measure ice pressures on their

sensing surface. Thie sensing surface is generally moivitei f1kish with t'r

"tricture surface. The other class of transducer uses a large m ne 'with

usome type )f load cell sandwiched between tt and the itructare. 7.'0 ,

celLs employ strain gauges or hydraulic pressure trandicers .s s-;is"

elements.

).L.3 Accelerometers

12 the ca. i- ft dyInav mi'- loadi it is 4 possiblP t,) , ,e ,I --r ._-

-i- isr, t ie i An response t ier .)t . mprelts r t t 't i. rF' I'

S '-I i4 the' ;.'-.n : h r.,'teriiti.,.s t e tt iri t i, -- i t

t . I ,L k I I

rd.
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p:ivsioal calibrations can be carried out whereby a known load is applied

t) tli, structure and the dynamic response measured. From the dynamic

rs2 !a .i traisfer function can be derived which allows dynamic forces

t. he -. ilci tated f rom measured accelerations.

.Ji lcu load case studies

.I'tined ii Ehe introduction of this chapter there have been a number

U r,+',ts to i-easure ice loads on structures. A partial inventory of

<-i!- prj~+ects, together with some of their salient features is presented

in ITh, e 1. In selected instances more detailed information follows.

Z. I uidge piers

i. hrige piers ha. shown that simple load measuring systems, noses

', .ed below the water line and supported by a load cell above

i. , i t .': liIe, ire funtst reliable. Fhey only produce information on

"w t + il, lhwever, such systems can be made relatively stiff and

t - ,i)L in ice Loads independent of the measuring system

i- ti '. The piers themself may have a natural frequency in the

: t I ljj el ice loads. Therefore it is important to know the

it r t, i s of the pier so that true ice forces can be

r .,-i t tee ,t an.' resonant condition. Whatever type of ice load

-, - ... is ade, it is iighly desirible that realistic physical

, :- i, , t,'t be .- arried ott. This is particularly so in the case of

r t 'tilto. , ,t i,' P tr c s i I t li 1hipier; ar,_ sitnli, to

-y -.... ' ti. ' hri ,. •  pi,rs. An ,,d1 ition il appr, ich whlch was

,. , i t t . ra - , ,n,.,sr, theP I, .'l rat i t reso) ls Ot 1_teI
S I .< . ,,, oi,; th., .relerit i 4 i t the stric't ,re

i ; ,1 1- -5, i'-i sc tion ). t. 3., ice tlres ,,ci Ink

* ,--;.• ' +' nat r [')l.]''I] wI [1 "]ai, ane-'+ ts 0' I' lighipiersF i's

S L t I . '1 -I--. * -'..-- i-e! ~ l' li i h ' ,' 
1 

-''+)'t 'l d
Ctr ,.1I r. Iw t S-L )iH

I

r I-n I",. i i i i I - . T I I

-"' . , i. I a t t ili I ,,r I

1 7+

t
........................................... I
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5.2.3 Petroleum exploration structures

Tarsiut

Tarsiut is the location of a concrete caisson retained island in the

Beaufort Sea. It comprises 4 sand-filled caissons which in turn enclose

a sand-filled core. The structure is about l00 m across at the water

line and has a vertical outer surface. The caissons are 10 m high and

rest on a berm which comes to within 6 m of the water surface. The

structure was extensivley instrumented to measure ice loads (Pilkington

et al, 1983) both for operational safety reasons and for future design.

See Figure 8 for a schematic presentation of instrumentation locations.

Instrumentation comprised sensors to measure loads on the outer face,

strain gauges embedded in the concrete and geotechnical sensors in the

foundation and core. The strain gauges were of a weldable type and were

attached to the steel reinforcing rods in the concrete. Gauge locations

were selected on the basis of finite element calculations which also

provided calibration coefficients for converting the measured strains to

ice loads. From the distribution of gauges it was possible to establish

load distributions and global loads. In spite of the care taken in the

installation of gauges and cables, only a third of the gauges were

operational at the begining of the measurement program. Fortunately

there was sufficient redundancy that useful results could still. be

obtained. A system of four 4 m by 4 m flat jack panels was attached to

the outside of the east caisson (see Fig. 8 for locations). The outer

face of each panel was a 89 mm thick steel plate to ensure that applied

ice loads were uniformly distributed to the lb flat jacks behind each

panel. Pressure transducers measured the flat jack pressures.

Circular load cells were mounted in 880 mm diameter recesses in the north

caisson. The sensing face was supported on shear bars or spiral coil

hyiratlic hoses. Fur more details on the characteristics of these

transducers see Giraham et al (1983). The shear bar transducers had a

number )r ,desirable features (low temperature coefficient, no creep and

1h1'i stiffness). The spiral coil transducers had less desirable features

bit were i nexpensive. Unfortunately a storm in the autumn led to water

.'entt-rin, tb.pse _.ilig s and making a number of them inoperable. Final ly

-*ighL ")I m'm ,ia in ter mtcrost id gauges were installed In one of the flat

4.
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K. jack panels to measure local pressures. These were a diaphram type of

pressure gauge.

." Experience over the winter 1981/82 showed that the embedded strain gauges

and flat jacks provided consistent and reasonable ice load information.

* . Inclinometers provided qualitative confirmation of major ice loading

.. events and quantitative information for operational purposes.

Single Steel Drilling Caisson

The SSDC is a converted super tanker which has undergone extensive

modifications to adapt it for use as a support structure for year-round
exploratory drilling in the Beaufort Sea. The structure is 162 m long,

.953 m wide, and 25 m high and is designed to rest in a water depth of 9 m.

A submarine berm is constructed to achieve this water depth. All sides

are vertical at the water line. This structure was usually surrounded by

a small grounded rubble field.

A total of 16 1 x 2 m Medof panels was attached to the outer hull of the

bow, port side and stern in side-by-side pair arrays. There were also

two flat jacks on the bow and a number of shear bar panel sensors on the

starboard side. The shear bar panels had sensor areas 0.5 x 0.5 m,

I x I m and 1 x 2 m. They were arranged in arrays so that vertical ice

pressure distributions and an indication of pressure-area relations could

be obtained. Bulkheads were also strain-gauged. The shear bar

transducers performed well under dynamic ice loads. A critical feature

in the installation was the protection of the electrical cables from the

ice pressure panels. They ran up the outside of the hull, and although

protected behind steel angles, still were subject to damage due to supply

boats impacting on them.

Caisson Retained Island

The CR1 is an eight-segment octagonal-shaped steel structure. It is

A about 118 m across on the flats, 12 m high and the outer face is inclinedSf.'
P)() fruin the v-rtt ic l ) . A central core 92 m across is tilled with .,,and.

Instruimenit ail consistls of sensor-, f,)r ice loads oni the outer surface )f

the caisson, str,-in 4,11g9g ' on strtictuira, elements )f the (-aiisson and

e,)te nl.t I ;snsrs [In thu sttd core an(] tinuj.i'r the found-tion (Hawkitns
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et al 1983). A schcmatic of the layout of the sensors is shown in

Figure 9.

Ice force sensors on the outer surface comprise three different sizes and

types. The smallest, microcells, are 165 mm in diameter. They are a

temperature compensated strain-gauged diaphram type. Four clusters of 4

sensors are mounted on the north quadrant of the caisson at the water

line. They measure point or local ice loads and have high load capacity

and short response time. The sensors are mounted flush with the caisson

surface. The next type of sensor is an 815 mm diameter maxicell. These

sensors measure pressure in a spiral coiled hydraulic tube sandwiched

between two steel plates. It is effectively a loid cell with an

equivalent capacity of 7 MPa. Because of its construction it does not

have a short response time. A total of 8 of these sensors are mounted on

the southern half of the caisson. They are supported by structural

stringers and are flush with the surface. The third type of sensor is a

shear bar type with a load sensing surface 2.1 m high by 0.5 m wide.

Strain gauged shear bars sense the normal component of the ice load

- applied to them. Nine of these sensors are deployed arund tile norther ,

half of the caisson. For more details on the specifications ot th,,se

sensors see Graham et at (L983). The internal structure of the (,I i s,

- is instrumented with 156 weldable strain gauges. The locations were

determined from a finite element analysis which al so privided I m ..t ,

interpreting the ice loading from the measured stra ts.

"e'o teh tchi i eILs,)rs are od t, moeasuiro the r,'ip ,io,, t,'tw,,,,i t hi, . ,

Ind the sand and tolndat ion. ThW inStrIllnttllt 4t i -)I CWImljr i t, j!

p re sire cel s, po re ress-- re coIlIs II, i i -I, 1I 1, ietor'i.

- ' re; e) pr i et d .I m t flo t ir I *,u, I it i [ I,, h i ob, i , .

tr m strain meistirmnents in w.h Irine The, o. h ii , i .

-" cMn l ,,re t i h ,r ti t within . 1 " 1 1 i i.t Ihit I '
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Molikpaq

The Molikpaq is a bottom founded steel caisson structure designed for

year-round use in the Beaufort Sea. It is 89 m across at the water line

and encloses a sand-filled core. The exterior surface is sloped at 1:10

from the vertical. The structure has been deployed in water depths

Sexceeding 20 m which places it in an area of moving ice most of the

winter. Consequently no protective rubble field forms around the

structure.

An e:tensive array of sensors is installed on the structure to help

o-sire )perational safety as well as to provide collecting data for

a-ialvsis parposes (Rogers et al 1986). The instrumentation includes

Med o i :e Load panels on the outer surface of the structure, strain

,[.lK, r 0 vriolis internal elements of the caisson, extensometers t)

it J.hi, ditortion oU the caisson, accelerometers, piezometors,

!t ,r,,-.re cells to meaisre interaction pressures between the base ot

.i ' tie , i t )uln(dt ion, iop'ace inlinometers to measuire

C *;' 1, Z' n.ilois )f the 1;an1d o(r-, rind videf) cAmeras to document

I I T oe :node 4.-; .r  Pi % Me lo panels (. pa . .' m) are a ttal

'.. t! ,' , t,' , i .--. [ia' seosl1;f, thoe t,,t it i' l.oad ,i th' - '. fhe

; l ;' t ' i.,, )n t~i- panl tli d T h i- ; iinatid iii trder t,

. ' ,,0 o , . i * ! 5) ,' - . -lie pi st-I I ire t t I d I
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of the ballast water in the ballast tanks of the caisson. In this way a

known physical, load could be generated to verify the response of the

* strain gauges.

The strain gauges, Medof panels and out-of-round distortion of the

* caisson have produced consistent predictions of global ice loads.

1* Because of the absence of a rubble field the ice loading has a strong

dynamic character. The accelerometers and strain gauges gave similar

results indicating ice loading frequencies in the range 0.5 to 4 Hz.

2.- Measurements on ships

Fe,chii,p es used to measure ice loads on ships provide another source of

e:priee wiich can he examined. They are similar to those used on

* d r tire,, so ar,+ or definite interest. A number of studies carried out

i ,m i t itir featuires are enumerated in Table 2. The following

" -, i w wi I tctis briefly on the techiqiiue used.

I I'P., -' .it,': ,r," ,t techubque to he' xamintd is that ot "add-on"

i .,t , ic isr' loads .tr mere ,rl-eCt Iy a]verage pressures. One

,-. -... .,. , , i 'Tim i.imeter -train gauiged diiphrar pressure sensor

I.t. t 1w, h,,l1 .it the "'l ,i St. Liirent". e' sensors are

1 ri to . ',, t t,) protus' i e l e restults, however they do

-. !i. , sit ,l vid t,.mpr.il vari il Ions ,t local ice

1 " 1 1. A -it I , T 1 t it .1_r,t a" ',tige which ti es the

I. i : i Ir t itTti Ii I , ii t , ) rts we ll ,,l to the

-: ,. lit', .,tii t,.u ', ,' i t .,l t h, ilt t ' s', , ,ir ,,lement,
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The other approach is to apply strain gauges to the structural frame

elements of the vessel which, together with a finite element analyis,

allows ice Loads to be determined. 1oth total loads and load

distribution can be determined. As with structures, the location of the

gauges is critical. The anticipated ice loading has to be simulated in

order to interpret the strain results. Global loads are generally

interpreted by treating the hulL girder as a beam in bending. Another

approach to obtain Load distribution information as well as total loads

i, to meaSure shear strain difference between upper ard lower ends of a

frame and interpret it with a load inf luence coefficient matrix generated

with a finite element inalYsis. lese techniques have been successful.

5.3 Loads on structures - comments

'The LOad MenlsoIring Llistrumentation which has been most successful has

bee) th, I irgo p;ne eI type of L1ran.sdUcer having a contact area in the

)r.: , . [ncse larre panelI, cat be made quiite rugged. The results

* r,,,' ca, i snc:esutnil it to predict total loads acting on a

. -r-;ii rs iIvO,) produced uisefkl information on local

iL 2 it Appi ecnt lv hiive iot been of much use in the case

I. . I, thne . fas i .iv type of panel type transducer,

' -ii , ti-r ; till a noed for a better theoretical

',,I , t I r al loadii,, ,aes, i.e.,

., , '. : I e St Ii rt i r'-, oIr lyrtain i
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care, attention to detail and "good luck," are necessary components to a

successfull program.

N. b.O Conclusions

Field techniques for ice force measurements havu been the subject of a

number of major studies over the past decade. Extensive instrumentation

is now available, both in the form of transducers and data loggers. An

adequate theoretical basis is available in most cases for interpreting

results. Our understanding of ice forces on structures is still,

however, incomplete. Every opportunity must, therefore, be taken to use

the techniques available to measure and observe ice/structure interaction

phenomena.
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TA 1 APPLICATION OF IN-SITU METHODS FOR ICE FORCE MEASUREMENTS IN CANAO'.AN ARCTIC

(After Sanderson, 1984)

JIl JATE 4WATER COMPANY IN-SIT'J OTHER J:JRC
DEPTH OR METHOD INSTRUMENTATI2)N

(M) AGENCY

Adgo P-35 1974,'7b 2 ESso -U of Alaska -soils instruments APOA 134:
(Artifiical (9iperial small -wire/reel ice Mete (19/6'

IISanl cyl Indrical movement Jevices Nelson dn.I

stress sensors' -geteorology Sacnlnqer l976)

-Esso thin wide
stress sensors

-ie Ts ier I 44 7u.5
)  

ES -Sso thin -soil s instruments AU A ')4:

o ot Inperial) wide stress -wire/reel ice M-tq l4,'6)
-44 Panels ( 20) m'ovement devices

'ArtfilCial -meteorol oy
s I and

Netcer, 9 , E ?csso -So}l Is inStri,/t ts AP A il

North (Imperial) -Esso thin -wire/reel ice Stril(hu,(1977)

F-4I wide stress movement devices
* Art I I 'al panels (13) 1-eteorology

Island.

I ane', 1 , ' :SSO -Esso thin -soils instruments 41 OA 22
42 and , ImperIal) wIde stress -ice novement neniui 977)

and 8.5 panels -meteorul ogy

"1 :Arti)ficial )

Tarsi 1981/ '182 22 i f' Done -Medof panels -soils instruments APOA 197
N-44 and .P. -bP strain -strain gauges Pilkington

-Caisson meters on caissons and others
s and) -load panels on (1983)

aiscons
-meteorology

UvIIu K D-66 1 2/83 31 Dome/Caninar -Medof panels -sol 1 nstrinents in preparat on"

(vSingl e -strain gauges
Steel and load panels

Dril 1Ing on structjre
Ca I sson) -meteorology

Multi-year 1986 30cm K.R. -2 arrays of -Argos buoy for Croasdale (1984
Floe in Croasdale specially position and and 1 9M5(
Pack Ice of and designed low rmovement of floe
Beaufort Associates stress range

Sea Ltd. Isuported by Sesr

Canadian Govt sno

and Gulf
Canada jI

9193

.. .. ....... .. . . .. ,...... .. .,.-..-,- ......-. ...- ..- ,,...-,-......5 ,.-..-. .,, .
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% Tars ut 1982/63 22 Gulf; BP -Medof panels (As above) APOA 198

N-44 and ARCO -BP strain Anderson (983)
(caisson Meters Sanderson (1983)

is~and) -ARCO hydraulic
stress panels

;ddns 1982/83 10 National -IRAD stiff -strains by Frederking et al
Isiand Research biaxial stress survey )198 4

Council of sensors -meteorology,

Canada, -BP strain tides currents
HSVA' BP meters

Aams 1983/84 10 National -IRAD biaxial -strains by survey Freoeriing et al
is'and Research stress sensors and wireline (1986)

Council of -Terrascience -meteorology, tides

Canada, (IDEAL) currents

HSVA stress panel

S,, 'adlu< >183/84 14.5 Esso; CRRElL -IRAD biaxial -soils instruments /onnson et al
.Ca~sson stress sensors -strain gauges and (1985
retained -Exxon stress load panels on

island) panels caissons
. -meteorology, ice

movement

Nanisivx 13"84 13 Public works -Four different -tides Croasdale :1985)
ocK Canada types of -meteorology

*-. Baffi' stress sensors
Island -One strain

meter

V er< 3-09 1983/84 26 National -Exxon panels -strains by survey Croasdale (1985);
(Caisson Research -Hexpack panels -soils instruments Sayed et al" etied Council; US -Ideal panel -strain gauges and (1986)

s and) Dept. of -CMEL Biaxial load panels on
Interior; stress sensor caisson

Esso -meteorology
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TABLE 2 CISE OF ICE FORCES MEASUREMENTS ON STRUCTURES

SITE DATES COMPANY OR AGENCY METHOD/INSTRUMENTATION SOURCE

a)Bridge Piers
kHondo, Alberta 1967-present Alberta Research bridge pier with special Sanden and

Council and Alberta nose section hinged at Neill (1968)
Highways bottom and supported by

load celI at top; 2.3m Montogomery
23' from vertical added et al (1980)
accelerometers.

Pembridge, 1969-present bridge & pier with
Alberta special pile? hinged

at bottom and
supported on load
cells at top; 0.86r,

vertical; ice
thickness 0.5m

Eider 1967-69 Technical University Array of 50 load cells Schwarz
River Estuary of Hanover covering contact (1970)
Gernany surface 1.Sm high of

O6m diameter pile,
ice thickness O.4m

Yukon River, 1977-80 Cold Regiuns 5-1.5n x .5m wide plates McFadden
Alaska Research and supported on a strain et al (1981)

Engineering Lab and gauge bea to measure ice
University of Alaska load on nose of pier, 2-

l.8m x 1.8m plates
%' supported on load cells to

measure total ice load,
0accelerometers

Ottauquechee Cold Regions 4-0.56m x 1.22 panel Sodhi
River, Vermont 1982 Research and supported on load pier, et al (1983)

Engineering Lab. panels cover 2.5m vertical
range of V-shaoed pier

b)Light Piers
Yamichiche, 1975-present Transport Canada Load panels supported on Danys (1975)
Quebec and National load cells; ice thickness Frederking

Research Councii 0.6m et al 1985)

Kemi I, Finland 1975-77 University of Oulu relative deformations of M& ttainen
pier, 200 mm pressure (1978)
sensing plates and
accelerometers

Norstromrsgrund, 1972-present VBB Consulting Forces calculated from Engelbrektson
Sweden records of 4 accelero- (1978)

meters

c) PetroleJm Exploration and Structures
Product ion

COOK Inlet, 1963-69 Pan American Strain gauges on Blenkarn
Alaska Petroleum Corp. structural members, o.9m (1970)

S; accelerometers; ice
thickness 1 .1m

Sarome lagoon, 1970-80 Mitsui strain gauges inside Ishima et al
Japan 2.5m cylinder (1980)

cantilevered froth sea
bottom to measure
horizontal and vertical

ice loads.

Tarsi-ut Igw- 3 Sulf/Canmnar Ice pressure measirinj :,i!iKnqt~n
panels of vario,s sizes, Pt al (1983)
strain ga igs internal to
structure, soil pressure Weaver ani

_ _,'-cel ls piezofetprs anl erzins '
195 i nlneters
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SSOC 1982-64 Cannar

Cli 1983-85 Esso Resources Ice pressure sensors, HawKins et al

Canada strain gauges or internal (1983)
'.ructure, plezometers

and inclinometers

MolKaq 1984-present Gulf Canada Ice pressure panels, Rogers, et al
Resources strain gauges, 1986)

accel erometers,
displacement transducers.
plezoneters and
inclinometers

Super CIJ3 1984-present Global Marine Ice pressure panels, 4etmore
strain gauges in (1984)
structural elements,
piezometers and

' 1 inorieters

Kd83-35 Sult Ice loads monitored from Saida et al
loads measured in anchor (1983)

I lines

- d) Pi~ps

Slsj, Finland 1977-82 Technical Research "Varsta" ice pressire RIsKa et al
Centre of Finland gauges and strain (1983)

gauges on frames

Louis S. St 1977-80 Canadian Coast 15rmm ice pressure Comfort & Noble
* j aurant, Carrada j Guard/Arctec transducers. Strain (197g)

_ _ _ Canada gauges on fames

"anmar Kigoriak, 1980-83 Canmar "Varsta" ice pressure Ghonein &

Canada gauges, strain gauges to Keinonen (1983)
measure shear and bending
ice frames, webs and
plating.

I Canartic and
M.4. Arctic, 1978-86 Transport Weldable strain gauges on Neth et al
Canada Development Centre frames and plates. (1983)

U.S. Coast Guard strain gauging of frames Daley et al
Polar Sea, 1983 and Maritime to measure load distribu- (1984)
US5 Administration tions over l0m

2 
area.

Plarstern. , 194-85 Hamburg Ship Normal and 2 shear loads Schwarz and
Germany Model Basin (in 2 orthogonal MUller (1985)

directions) on a in
2 
area

plate supported on load;

cells; strain gauges on

_frame
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ICEBERG IMPACT FORCES

Donald E. Nevel Conoco Inc. U. S.A.

ABSTRACT

A state-of-the-art review is presented for iceberg impact forces on offshore structures. A

detailed description is given of the expected brittle crushing failure of the ice. Since no

iceberg impacts have been observed, the description was obtained from laboratory and field
- impact tests. Various strength theories are discussed. The drop ball test is analyzed for the

* constant strength and viscous strength theories, and it is concluded that the results do not

significantly differ. Therefore, the simpler constant strength theory is recommended for use.

A review of the literature showed that there is very little published data on the brittle impact

strength of ice. particularly in regard to the so-called size effect. There are some propi ietary

data in the oil industry.

A review is given for the analysis of an iceberg impacting a structure. The resulting deforma-

tion and motion of the iceberg, structure. and soil influence the interaction force. A review of

the literature suggests that ice crushing, local contact shapes, and iceberg rotation are the
imore significant factors. A simplified equation is developed to account for the horizontal

rotation of the iceberg.

Since the iceberg parameters can vary over wide ranges, it is recommended that each

parameter be described by a probability of exceedlance distribution. A numerical method is

described to obtain the probability of exceeding the impact force.

The design ice force should then be selected by a return period or the probability of exceeding

the force for a given time period. The over turning and torsional moments on the structure can

be similarly selected.
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INTRODUCTION

This paper gives a state-of-the-art review of iceberg impact forces on offshore structures.

This problem is important for the design of offshore structures in areas of drifting ice islands in

the Beaufort Sea and icebergs along the eastern Canadian coast. The oil industry is

considering offshore structures in these areas. This review considers icebergs impacting

rigid structures sitting on the seabed. In-depth discussions are presented for the iceberg

impact strength. the overall interaction between the iceberg and the structure, and methods

for statistically describing the impact force. Areas that have not been included are iceberg
impacts with the seabed or underwater berms, iceberg impacts with floating or moored

structures, and the influence of iceberg management, such as destruction and towing, on the
frequency of collisions.

IMPACT FAILURE MODES

When a drifting iceberg impacts an offshore structure, the impact force depends upon the

mode of failure and the associated ice strength. Since iceberg failure modes during impact

have not been observed, possible failure modes are discussed by considenng what is

reasonable to expect. Possiule modes of failure are crushing, splitting, and bending. The

crushing mode is the most reasonable to expect. The splitting mode might occur for smaller

icebergs after some crushing has occurred. In this case the splitting would limit the maximum

crushing force. The bending mode could occur if the iceberg were shaped like a beam or

plate. Icebergs along eastern Canada are typically globular in shape rather than shaped as a

beam or plate.

The crusning mode of failure can be classified according to the depth of penetration and

speed of impact. Deep penetrations produce different failure mechanisms than shallow

enetrations. For offshore structures, we envision shallow penetrations because of the

bluntness of the structure. There has been some work performed on ice impacts with deep

penetration. particularly for high speeds, but this work is not applicable here and therefore

was not considered.

For shallow penetration, there could be two failure modes depending upon the speed of

impact. For slow speeds, a ductile-type failure will occur where the crushing strength is rate

dependent because of the creep and flow of the ice. For speeds slow enough to create ductile

failures. the iceberg does not have enough kinetic energy to create large impact forces. For

fast speeds, a brittle-type failure will occur. These two failure modes are demonstrated in

Figure 1 by the different force signatures as obtained by Kitami et al.1 29 i. Kitamis data were

obtained using sea ice and a similar behavior is expected for iceberg ice The transition
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speed between ductile and brittle failure depends upon temperature, and it is estimated to be

.4,% about one centimeter per second.
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du Figure la. Fast Brittle Failure Figure lb. Slow Ductile Failure

,-.:STRENGTH THEORIES

-"" .Numerous strength theories have been suggested for ice impact failure. The simplest ana

I most frequently used is the constant strength theory. This theory assumes that the contact
~pressure between the ice and structure is uniform over the contact area and is constant

:..:< , ,.during the impact. V>ations of this theory can be considered where the crushing pressure is

a function of velocity or strain rate, porosity or density, temperature. crystalline structure. and

size or contact area. The velocity or strain rate dependencies which have been

pror)ose 10. 1 1.40.42' are those obtained from ductile modes of failure which have not been

w.er liec 'or orittle modes of failure. If the strength is velocity dependent, it should be deter-

mniredr 'rm Dr. e moles of failure, not the ductile mode which primarily reflects the creep of
iir

T-e strefn(h is ccmirnorly considered a function of the contact area Several authors 11.42

e s ',n-or 'mrom the aspect ratio (width of structure dvided by ice thickness) This

* .,ste':',chor ,'as empricaly developed from experiments of cylinders indenting ice

srPo, .,iow sPeeds where the presence cf the top and bottom free surfaces of the ice

sreet ,'ir,-Ie :he fa! r'e load This is not applicable for brittle crushing of icebergs. and

,-,, 'c .s sract s questionable

F:F r a r strenqth. the energy per unit volume of crushed material has been proposed

' I  ut.irs. 2 23 26.27 This iscalled specific energy. Specific energy. in principle. is
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a clfferent strength criter a However if the volume of penetration is used for the specific

energy. the specific energy is equi\valerit to the constant strength criteria

Br tte hracture theory considers the nucleat:on and propagation of cracks Crushing o the ice

nvolves many cracks and breaking of the ice pieces into smaller particles. The crushing

,rocess of tt',e ce s too cormp!'cateci to be cIescrlbed by brittle fracture theory. The brittle

fracture theory is used to estimate splittng of ice floest 10 i. A similar approach can be used to

, estitate the sor. ttinc of icenergs F r icenergs. the main problem is the estimation of the

te :e stresses neat the crushed contact zone since the crack propagates from this zone. It

probably dependent upon the damage and local geometry created by the crushing

i, ocess

The shear strength criterion can be applied to ice failure. Shear failure can occur in uniaxial

and multiaxial comoression. The shear strength is represented by failure surfaces in the

principal stress space. The shear strength of ice is associated with the amount of internal

damage of the ice. As the ice is loaded. internal cracks occur. With increased cracking, the ice

can flow along maximum shear lines causing collapse and failure. The shear strength is a

function of either the hydrostatic stress or the normal stress on the shear plane. Generally the

shear strength is associated with ductile modes of failure. but could also be applied to brittle

modes. For the broken and pulverized zone of ice that occurs during impact in the brittle

2 failure mode. a viscous theory has been proposed by Kheisin et al. 24.31 . This theory will be

elaborated on later in the paper.

Although strain failure theories have been proposed for some types of ice problems, the

application of a strain failure to the iceberg impact problem has not been proposed.

* Hertzian contact stresses are associated with deformation of the contacting bodies. not the

strength of te materials Khrapaty and Berezovskii 25 have extended the Hertzian idea to

estimate contact stresses as a function o' Denetration

*I BRITTLE CRUSHING FAILURE OF ICE

Based on laboratory and field tests a detaiied description of the brittle failure of a blunt object

-i impacting a iarge ice mass will be given Since conventional testing machines are not fast

enough, drop ball tests have been used In these tests, a weight with a spherical surface is

; dropped on a solid ice surface These tests were first performed by Pounder and Littlel 39 in

1959 Later Kheisin and his coworkers;22.23.24,31.33 used larger spheres with an accel-

eror-eter Drop ball tests have also been performed by Tir' o and Martini 45 . Tsurlkov and
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Veselova[46r and Khrapaty and Tsuprik26.27 Detailed failure descriptions have heen

given in References 22 and 27. Other impact tests have Deen performed by Lavrc-, 32

Riskal4l 1. Glen and Comfort 18i., and EI-Tanan et ai.[ 15.16 . In order to simulate iceoer2

impacts. a large mass impacting at velocities up to a few meters per second is requirec

*: Because of the difficulty of handling a large mass. Benoit et al.. 6 used hydraulic rams to

simulate drop ball tests whose final contact areas were as large as 3 square meters

After reviewing the available descriptions, the brittle failure of a blunt object impacting a large

ice mass can be summarized as follows. Upon initial impact, the virgin unbroken ice at the

contact becomes pulverized. A set of concentric conical cracks and a set of radial cracks form

as shown in Figure 2[261. The pressure of the pulverized layer spalls out the surface ice

pieces adjacent to the indentor. Part of the pulverized ice layer is expelled. If the energy is

sufficient, the penetration continues with the contact area becoming larger.

*: Underneath the pulverized ice. the uncracked ice has a rough surface. As the indentor
continues to penetrate. it makes contact with the high points on this surface, pulverizing each

point in turn. and continues to expel the pulverized ice. Forces are required to pulverize the

high points as well as to expel the pulverized ice. The typical pressure time history is shown in

Figure 3 which is from EI-Tahan et all 16'. Note the high initial pressure obtained as

*compared to later pressures.

"1 -

Figure 2. Impact Damage of Ice

Figure 3. Ice Pressure Dirinq Impact

" The sudden drop of pressure indicates brittle failure of the high points on the contact surface

and a sudden increase in pressure indicates making contact with a high point

For :arge contact areas, typical force time records show manv sudden changes typ[f'e Iy

this brittle failure. This indicates that the dominant force is associated with brittle fracture of

201,P,.I'.e N



the high points on the ice surface rather than the expelling of the pulverized ice which should

show as a smoother force time record.

As a result of this failure process, the average contact pressure on the indentor is extremely

high upon initial contact, fluctuates rapidly, and decreases as the contact area grows.

Whether the average pressure continues to decrease beyond the range of the availab!e test

data is an interesting question. The answer will depend upon the roughness of the newly

created ice surface. Nevel(381 and Ashby et al.[3) have previously discussed the concept of a

decrease in the ice strength with contact area caused by nonuniformity of contact created by

the failure itself.

From the above discussion, one can conclude that the design strength for iceberg impacts

should be obtained from tests with realistic initial velocities and large contact areas. The tests

which best meet these criteria are those performed in the field on an iceberg by Benoit et

al.j 6] for an initial velocity of 10 cm sec and a final contact area of 3 m 2 . but the test results

- are proprietary. Other impact tests were performed in the laboratory on iceberg ice by

EI-Tahan[15.161. These tests had a temperature of -5-C, an initial velocity of 2 m. sec. a

- .final contact area of about 10 cm 2, and produced a strength of about 17 MPa. This high

strength is probably due to small contact areas.

Kheisin et al.! 23 performed drop ball tests on a freshwater lake with velocities ranging from

0.6 to 4.0 m sec Contact areas were not reported, but because steel hemispheres of 156

and 300 kg were used. the contact area must have been much larger than those of EI-Tahan.

Kheisin obtained average strengths of 8 and 3 MPa for air temperatures of about - 102C and

- 3 C respect-/ely. The results showed that the strength was independent of the velocity.

Khrapaty et al.i 2.26.271 performed tests similar to Kheisin on sea ice. The strength depended

* upon temperature. By replotting his data and fitting a curve by eye. his results can be"ST
expressed as r -6 5 e where ,r is the strength in MPa and T is the temperature in

degrees centigrade At a temperature of - 1020, the strength was about 6 MPa. Khrapaty

also found the strength independent of velocity. The results from other drop ball

* testsi 39.45 46 and impact tests 18.32.41 i are not discussed here because these tests were

not Qerlormedi on iceberg ice and were of limited contact area.

The n:axia; compressive strength of iceberg ice has been measured by E;-Tahan et

. ai 15 16 ana ny Gammon etal 1! 7 At a temperature of 5 C and a strain rate of 10 1 sec.

EI-Tahan 'ound an average strength of 7.4 MPa while Gammon found 5 3 MPa. Many

cenerqs along the coast of eastern Canada are calved from Greenland glaciers. Kovacs et
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al.1 301 measured the uniaxial compressive strength of Greenland glacier ice at a temperature

of - 25 C and a strain rate of about 10 3 sec. The results of the dense ice ranged from 6 to

12 MPa. Earlier Butkovich71 found the uniaxial strengths for Greenland ice to be from 3 to

8 MPa at a temperature of - 5 C and much slower strain rates. The relation between uniaxial

compressive strength and drop ball strengths have not been established, but results seem to

be of the same order of magnitude.

The conclusions made from these results are (1) the impact strength for iceberg ice is in the

range of 6 to 10 MPa and probably decreases as the area of contact becomes larger, (2) the

impact strength is independent of speed in the range of 0.6 to 4.0 meter,'sec, and (3) the

impact strength depends on the temperature of the ice. The in situ temperature of icebergs

has been measured by Diemand[12] and can be as cold as - 10CC within one meter of the

icebergs surface.

DROP BALL TEST

The drop ball test will be analyzed using the constant strength theory and the viscous

6- strength theory. A comparison will be made between these theories including their specific

energies.

Consider a rigid sphere of radius R and mass M dropped from a height H onto a semi-infinite

ice mass. The potential energy at the time of release, MgH, is equal to the kinetic energy at

the time of contact, 1 2 MVo2.where g is the gravitation constant and Vo is the velocity of the

*- sphere at the beginning of impact. Most of this energy will be expended by crushing the ice,

and a small amount may remain with the sphere after impact.

Both Yen et ai.[471 and Likhomanov and Kheisin[331 have experimentally determined the

coefficient of restitution of steel balls dropped on ice. They show that the coefficient of

restitution decreases with increases of mass, velocity, and temperature. For warm fresh-

water ice. a 300-kg steel ball with an initial velocity of 1.4 meters per second produced a 0.10

coefficient of restitution. With much larger masses, the coefficient of restitution should

become very close to zero. Hence we will neglect elastic strain energy of the ice and assume

that energy is expended by crushing the ice as given by

MVo2

2 foz F dZ (1)

where F is the force, Z is the penetration distance, and Z, is the final penetration distance.

The constant impact strength theory assumes that the contact pressure is uniform over the

contact area and is constant with time during the impact. Figure 4 shows a uniform pressure p

203

% .1

JA - A



acting over an area A. The pressure acting in an arbitrary direction x or y on the projected

areas are

F, A sin HA, " : AsinH -: (2a)
-./

and
F p Acos H

Acos P. (2b)

g Hence the pressure on a projected area is the same as on the contact area.

Hence the force F can be written as

F ciA (3)

where ,r is the impact crushing strength, and A is the projected contact area. For a sphere.
this area equals ,r(2RZ - Z2) where R is the radius of the sphere. For small penetrations, we

can neglect Z2 and the area becomes

A = ,T 2RZ. t4)

Substituting Equations (3) and (4) into (1), we integrate and solve for the final penetration

distance to obtain

(m v 0
2 ~12(5)

The force during impact can be expressed as

=: Z (6)

and it reaches !ts maximum value at Z = Z,. The local pressure p equals the nominal
pressure q and is equal to the impact crushing strength (T throughout impact. The dynamic

equation is

M V - _F (71dZ

where V is the instantaneous velocity of the sphere. Substituting Equation (6) into (7) and
integrating, we obtain the velocity

V' [ (Z)2]1 2,...Vo : I Zo(8)
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Expressing V as a time derivative of z, and integrating Ecluation (8). we obtain the time. t

t 0arc sin (Z Zj (9)V0

The total impact time T at z z, is

T 2 Zo (10)

The specific energy F is defined as the energy dissipated in crushing the ice divided by the

volume of crushed ice. The volume of penetration is Tr Z2 (R - Z, 3) for the drop ball test For

small penetrations, we neglect the Z'3 term to obtain

M (V,2 - V2)
S2 rR Z'

Substituting Equation (8). we get

M V 2

2 iR (12)

which is constant throughout the impact. The strength (T obtained from Equations (3), (4). and

(6) is also equal to Equation (12), and in this case the constant strength and specific energy

are the same.

VISCOUS THEORY

The viscous theory assumes that a crushed ice layer forms between the structure and the

unbroken ice and that this layer flows in a viscous manner. Kheisin et al.{ 24.31 1 developed a

method for solving the equations for this problem following the method used in lubrication

between bearings. This solution for the rigid sphere impacting ice will be rederived and

expressed in a way which can be compared to constant strength theory

At any instant during the impact of a rigid sphere on ice, we assume that a crushed ice la yei of

thickness h has developed We assume that this layer is thin when compared to the radius of

the contact area r- A sketch of this layer is shown in Figure 5. At the interface between tne

crushed and uncrushed ice. z h. we assume that the radial velocity u and the verlical

velocity w are zero. At the interface between the rigid sphere and the crusl-ed ce, z 0 we

assume that the shear stress - is zero and that the vertical velocity is the instantaneous

velocity V of the sphere At the perimeter of the crushed layer r = r, we assume that the

pressure is zero.
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Figure 4. Pressure on Contact Area Figure 5. Viscous Ice Strength Model

We will assume that the layer of crushed ice behaves as an incompressible viscous fluid. In

the Navier-Stokes equation which describes this fluid motion, we shall neglect the body

forces due to gravity and the acceleration forces. The forces due to pressure and viscous flow

will be retained. For axial symmetric flow in cylindrical coordinates r and z, the Navier-Stokes

equations are

2r r-F ro (1 3a)
'2W -,"

... : ,,2 u ,:,u ,2u1

z ,r = r or z71 (1 3b)

where p is the pressure. . is the viscosity. u and w are the velocities in the r and z directions.

respectively.

In order to solve these equations. we assume that the radial velocity is independent of r, u -

u(z). and that the vertical velocity w is zero everywhere except at z - 0 where it is equal to V

Equation (13b) becomes

P -- 0 (14a)

[ which says that the pressure is independent of z. Equation (13ai becomes

".r 1 4 b )

The boundary conditions for this equation are u 0 at z h and i ,u z w r) 0

at z 0 Since w 0. the last boundary condition becomes ,u ,z 0 Integrating Equation
-14b) with respect to z and using these boundary conditions we get

U " 'P 1Z h ')  115)

We consider the incompressibility of the crushed :ayer by equating the downward flow of

material from the sphere s movement r2 V to the radial flow 1, 2,r u dz to obtain
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h2dp - V rdr 16

In orCer to solve this equation. we must know the thickness h of the crushed ice layer Kheisin

assumed that the pressure p is proportional to h by the equation p kh where k is a constant

* Although other assumptions can be made, we will proceed with Kheisin s assumption

•ecause of its simplicity Then Equation (16) becomes
:.:~ 3 k '
•~ dp k-- 2 V r dr (17 .

whose solution is

p = 3p. k3 V (r2  - r2), 4 (18)

Nnere the boundary condition p = 0 at r - r, has been used.

Integrating the pressure over the contact area and dividing by the contact area r,2.we

obtai the nominal pressure q of

q = 4 [3 p- 0 V re2 1' 4 (19)
5i

Dviding the pressure p by the nominal pressure q, we obtain

= 1 - ro 21 4 (20)

wnicn shows that the maximum pressure is at the center and is 1 .25 times the nominal

pressure

The total contact force is the nominal pressure times the area which is

F - 4 (3 k3)1 4 V 4 r, 9 2. 121)

The eauation of motion for the sphere during impact is the same as before and is given by

Eauaoion (71

Using Ecuation 121 and r-- 2RZ where Z is the penetration of the sphere. Equation 17 can

ne integrated Using the boundary condition V V, whc Z 0. we get the velocity V during

imDact to be

V z1V , I1; 2

where the final depth of penetration Z, is

,207

". % . °. " ° , % , . . "h . . % % .. % % . . , . .. . . o • • % - • . "•" ' % " % % ", '" %



4 ' ":.8.. (3 k) u(2R) 5 9 123)

EALator' 122i can be integrated to get the time t as a function of the penetration distance Z
,%:Vot = ' ZX94 47

,Z - z z 1 - X9 4j 4dx. (24)

The 'otal impact time T is

T 1.6778 Z'Vo. (25)

T he specific energy during impact is given as before by Equation (11) and, using Equation

122 Decomes

1 - - z
(- Z ) (26)

Anrere the specific energy at final penetration is given by Equation (12) with Z, defined in
Equation (231

LP, nq Equations (22) and (23). the force from Equation (21) becomes

F , 9f Z) 1- (Z Zo)) 7 (27)

vhere the fina! contact area A, - 2-R Z,.

Tre maximum force occurs at

Z = 0.9033 (28)
Z,4 4

' ,xn ch corresponds to V., t Z , 1.12. The maximum force Fm is

Fm = ,Ao0.9026. (29)

,,b, average lorce Fa during imract is

Fa A 0.5. (30)

D,,',. '-q the force of Eq iation (27) by the contact area 2-.Rz. the nominal pressure q is

q 7 [1H (Z Zn)9  
' 31)

.

The Maximum nominal pressure occurs at
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-' Z _ 7\4 9

Z (-) 70.693 (32)

which corresponds to V, t Z0o 0.755. The maximum nominal pressure q, is

.. = Fo = (o 1.0803. (33)

The average nominal pressure during impact is

q f o.X 49(1 - X) 7 dx (34)

which when integrated gives q, = 0.9420 Fo.

COMPARISON OF THEORIES

We now compare the constant strength theory to the viscous theory for the rigid sphere4.

dropped on the ice. For an initial velocity V0, the theories are compared by assuming the

*same Z, which is experimentally measured. Equations (5) and (23) give the relation between

Z and the constant strength and viscosity, respectively. The initial velocity V0 , final penetra-

tion Zo, final contact area A0 = 2TrR Z,, and final specific energy F,, = MVo2/Tr2R Zo2 are

used to make the solutions dimensionless. Figures 6, 7. 8, and 9 show the velocity V/V 0 , the

force F oA,. the specific energy F/F , and the average pressure q/co as a function of the

penetration Z Zo for the two theories. Figure 10 shows the penetration Z/Zo as a function of

the time Vot Z, for the two theories. Figure 11 shows the pressure piq as a function of

position r r, for the two theories. Table 1 shows a comparison of key values for the two

theories.

TABLE 1

THEORY COMPARISON OF DROP BALL TEST

Constant Viscous

Max. Sp. Energy F0  1.026 F,,

Maximum Force F0 A0  0.903 Fo Ao

Average Force 0.5 F, A0  0.5 f 0 A0

Time of Impact 1.57 Z/V 0  1.678 Z/V

-" Max. Pressure q f 0  1.080 F0

5 Ave. Pressure q F0  0.942 F0

Max. Pressure P q 1.25 q
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Although there are some differences, these results show that they are not great. Therefore, it
seems reasonable to use the simpler constant strength theory rather than the more compli-
cated viscous theory.
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Figure 10. Penetration Versus Time Figure 11. Pressure Versus Contact Radius

ANALYSIS OF AN ICEBERG IMPACTING A STRUCTURE
The dynamics of an iceberg impacting a structure must be analyzed in order to calculate the

interaction force. The motions, whether rigid or deformable, of all elements should be

considered. but motions that are small are usually neglected in order to simplify the problem.

The simplist analysis only considers the crushing of the ice and the linear motion of the

iceberg. In addition, the iceberg's deformation[35], the iceberg's rotation[4,42], the rigid body

motion of the structure[1 1,20,401, the deformation of the structure[401, and the deformation

of the soil[11.20,40] have been considered. The water forces are included through added
;. mass factors, and sometimes through damping factors, which are applied to the iceberg and

X,. structure. For impacts whose contact surfaces are not perpendicular to the direction of
motion. the possibility of the iceberg sliding along the surface should be considered.

t

% The equations of motion for each body are used along with the initial conditions. The

boundary conditions at the contact is specified in terms of the brittle crushing strength andI. possible iceberg sliding. The resulting nonlinear equations of motion are solved numerically

by time stepping from the initial condition. A predictor-corrector methodl 11 is recommended

for the time stepping process. The resulting interaction force depends upon the deformations

and motions which make the impact more compliant. Depending upon the problem being

solved, the equations can be simplified by neglecting many of the deformations and motions.

Y.

The equation of motion can be expressed in the alternate form of either impulse-momentum

or energy. The impulse-momentum method has not been used for iceberg impacts. but the
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energy approach has been used in References 8. 9. 21. and 38 In this method, the initial

Kinetic energy of the iceberg is transferred to various forms during the impact For a fixed

structure, most of the energy will go into the work of crushing the ice If the iceberg hits

eccentrically with respect to the structure, some of the energy may remain in the iceberg as

rotational kinetic energy.

Both horizontal and vertical eccentric hits could occur For icebergs the moment arm 'or

horizontal eccentric hits will probably be larger than those for vertical eccentric hits Bass et

ai : 4 snow that the iceberg shape at the contact and the horizontal eccentricity influence the

interaction force significantly. Therefore. a simple approach will be developed to estimate tre

rotational kinetic energy remaining in an iceberg that hits with a horizontal eccentricity

Consider an iceoerg of mass M and velocity V hitting a structure with a horizontal eccentricity

,v as snown in Figure 12 The equations for planar motion are

"-F, M, x (35ai
l

F M , y (35b)

F, y, F, x. -- I ti (35c)

where M, is the mass including the added mass in the x direction. M, is the mass including the

added mass in the y direction. I is the polar moment of inertia including the added inertia

about the center of gravity of the iceberg, and denotes the derivative with respect to time

-. SbsttLtng Equations (35a) and i35b) into (35c). we obtain

M. x y M, y x, -- I H (36)

T : a! conaitions at time t equal zero are x -V. y - 0. and f, 0. We assume that x. and

. are constant for small rotation and integrate Equation (36) to obtain

Mx vly My x. (37

* %2e assime that the iceberg rotates through a small angle i around the hit point and therefore

x "y 38a)

a,..
'[y x. 138bi

" Surstituting Equation 1381 into Equation (37) and solving 'or f. we obtain

" MV.. V39
.a I - M, y7 M. x,3

The rotational kinetic energy E, of the berg is
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E 2  XM, (x) 2  1 )2. (40)

t- t 4, Eciuanv-ns (38) and (39) into Equation (40). we obtain the kinetic energy of the

'%- .• ,,eoer2 as

?. _

2t M y. - Mx-) (41'

,e ass.,me Itat M, M. then Equation (41) can be expressed asM, V2 , ,0

E, 2 (42)
L (r r) 2

... ,,rlere r- I M, ano r' x: y .

e AC7P -one on the structure in crushing and sliding the iceberg is

JF ds fT dt (43)

--ere F 3n- T are the normal and tangential forces to the structure, and ds and dt are the

rormal and tangential incremental displacements. We assume that the slippage displace-

me- t at ani, cis where 3 is the structure angle as defined in Figure 12. and the tangential
'orce T ,N where k is the coefficient of friction, Using F (TA, Equation (43) becomes

(1 - 1itan3) (T Vol (44)

,ee Vol is the volume of crushed ice.

Eq:.atiq the nital kinetic energy of the iceberg to the work done on the structure and the

* r ur-qa3
, 'r; ro:at.onal energy. we have

m, V''-,V y r,

M V' M 'v2  ( lr)j .- (1 itan3) ,r Vol. (45)k-' 2 =: 2- r )
._,,-t cn f-45i is solved for the volume of crushed ice. Depending upon the local shape of the

* •;ructure and iceberg at the contact point, the penetration distance x and contact area A can

ne found The local shape can significantly influence the final contact area A and, hence, the

' orce The force is tnen determined from F (TA.

• . For an iceberg of spherical shape, r 2 r' - 2 5, and with the maximum eccentricity of y, r,

,. thie energy remaining with the iceberg is 71 percent of the original energy.
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STATISTICAL ANALYSIS

Tine r,, ,Ct urce -:an- Ceberc,- 94k~aist a - cur can be calculated from Equation 45) or

fromn otfler ec..,xions -ervec IVfl i.l, '' r1OSL~vir'ed The engineer must cos h

;Dararnetiers ~eowire, for cesigr For Smat 5.tese parameters are the iceberg s mass.

moment of ner-ia initial 'velocitv ei,:er*r- t,,, -s*ren-,th and local contact geometry of the

structure and the iceberg The araf* of the :ceberg is also important since it will limit the size of

cebercs Mhat occur in shallow ,%ater, The effect of the force on the structure must be

evaluated giobally for slicing. cvertujr-ng. and torsion, and locally for wall thickness ano

framig. Each of *ne ceber.q parameteis nas a wide range of values, If the engineer selects

the extreme for eacn oarameter. the calculatec force w!1; be overly conservative. A rational

approach is to define *m-e prooab~ity of exceecance 'or each parameter. Then the probability

of exceedlance for the florce (-an be calculated using these input exceedance distributions.

The methoa used for this caiculaiion is numerical. For each input distribution, a random

numoer cetw,.een 0 ana 1 is generated This m-eans that any number between 0 and 1 has an

ermsc~anr o cc g onsenTnis number is set equal to the probabiiity of exceedance. and

"-e nPut uarpmeie,, s c etermined. This is a valid procedure because the probability of

exeecian-e cuve re usually develoned with data that are assigned equal probabilities.

,A e ooc'nc. a set of~ n,'. pa ram-ceters. & force can be calculated. The process of rnol

selec*,nr~ v'otararreters is rep)eatIed many times, and a force is calculated for each set of

nutnarnt~s.From - These frrces a orctyt of exceedance curve is constructed. An

earmr:Ie 9 'orce exceer-ance c!rvp *or a s-rgle impact s given in Figure 13[38i.

Figur 12. oriznta r cet i Figure 13. Probability of Exceedlance
GeometryVersus Force
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This numerical method is called Monte Carlo distribution sampling. It has been assumed that

the nrcut parameter distributions are independent of each other A modification of this

procedure should be used when the input distributions are correlated There is very ittle data

on iceberg mass and velocity in the literature There is no data on moment of inerta and local

geometry. Benedict and Lewisi 51 state that the gamma distribution is valia for ;ceberg drafts

but no data is given. It is known that the oil companies who operate offshore along eastern

Canada have been coliecting data to calculate the iceberg impact force statistically, but their

data is proprietary.

DESIGN CRITERIA

Having established the probability of exceeding the force for an iceberg impacting an

offshore structure, we must now choose a reasonable design criteria. Traditionally, design

criteria have been selected based upon a return period. The return period is defined as the

expected time between obtaining or exceeding the design level. It is equal to the expected

number of events to obtain the first exceedance multiplied by the expected time interval

4between events.

. The probability that the first exceedance of the design level occurs on the first, second, third

" or nth event is

for n =1. p (46a)

for n=2. p (1 -p) (46b)

for n =3. p (1 -p) 2  (46c)

forn=n, p(1-p) (46d)

- The expected or average number of events that will occur before the first exceedance is
I1

". np(1 -p)n (471
p

Hence the return period RP is

14 1
R P :- AT (481p

. where AT is the expected time between events.

* A number of references[ 14,19,36,37.441 have considered the frequency of occurrence of

,- icebergs. In many cases, data from the International Ice Patrol are used. From this data the
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,. erage number of iceberg hits per year or its reciprocal. the average time interval between

s must be estimated in order to calculate the return period.

-7,e orobability of obtaining n hits in time t can be estimated from Poisson s distribution by

p (n Xt) . . e.n (49)

where , is the average rate of hits. Although the probability of receiving n hits in a given time is

interesting, more important is the probability of exceeding the force in a given time. This is

qGven by

p(F -Fo xt) - 1 - (1 -p)" t  (50)

where p is the probability of exceeding the force F, for a single hit.

The selection of the return period has been traditionally accepted as a design criteria in many
". f:ecs The specific value has been arbitrary and in some cases adjusted with experience. In

rr nciple. it should be some multiple of the expected life of the structure. An alternate design

criteria to the return period is Equation (50). the probability of exceeding the force in a given
-me period. Some structural engineers are uncomfortable with a design force that is not

"elated to a specific event. Dunwoody[ 13 1 discusses design events obtained from a return

"(uerod force.

CONCLUSIONS AND RECOMMENDATIONS

The reason for the size effect on impact ice strength is understood from laboratory and field

tests but reliable strength values are not available in the open literature. The drop ball test

%.',as analyzed using both the constant strength and the viscous theory, and the comparison
snowed little difference. The energy remaining in the iceberg due to its rotation can be

-alctated without time stepping the dynamic equations of motion. The analytical method for
caiculating the ice impact force, including its statistical treatment. is known. The required

:tat,stcai iceberg data of impact velocity, mass. moment of inertia, strength. shape at

Korntact. and expected time between impacts are not available in the open literature In order

:o reliably predict impact forces. it is recommended that the following statistical data for
icebergs be collected for the location desired: mass, moment of inertia, draft, velocity, local

9 geometry. strength. and frequency of occurrence.
.
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